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Abstract
The structure of the doubly-odd ^^^Re nucleus has been studied by means of in­
beam 7 -ray spectroscopy at the Australian National University. Excited states in 
^®°Re have been populated using the fusion-evaporation reaction ^^^Yb(^^B,5n) at 
a bombarding energy of 71 MeU. Gamma-rays have been observed by using the 
CAESAR detector array which consists of six Hyper-Pure Germanium (HPGe) 
detector and two Low Energy Photon Spectrometers (LEPS). The level scheme of 
®^®Re was established from the analysis of 7 - 7  coincidence relations, Directional 
Correlations of 7 -rays from Oriented states (DCO), electron conversion measure­
ments and 7 -ray intensity balances. Energy levels of intrinsic states have been 
compared with calculations based on the Blocked BCS (BBCS) theory as well as 
Potential Energy Surface (PES) calculations which were also used to determine 
the nuclear shape.
Previously identified bands have been observed in this work. Their band-head 
spins, however, have been reassigned. Their assignment was done on the basis of 
the BBCS calculations, g-factors, and potential energy surface calculations. Two 
high-K rotational bands have also been observed, together with a new isomer, 
with a mean-life of 13/is. This isomeric level was assigned a K’^ =21“ band head. 
It has one of the new rotational bands associated with it and the second one feed­
ing into it. This second band was tentatively assigned a K^=2 2 + configuration. 
Both the configurations of these bands involve the 9/2+[624] and 7/2"[514] Nils­
son states which are coupled to the same protons, 5/2+[402]9/2“ [514]7/2+[404] 
respectively, with only the third neutron, 5/2" [512] for K^=21" and 7/2+[633] 
for K^=2 2 +, differing. The experimental aligned angular momenta for these 
bands increase as the spin increases. Prom this increase it is concluded that these 
high-K bands gradually change their structure from deformation aligned to ro­
tation aligned through the Fermi aligned scheme as spin increases. During the
change of the structure, the quasiparticles which form high-K states at the band 
heads change their direction of angular momentum from the symmetry axis to 
the rotation axis due to the effect of the Goriolis force.
A number of K-forbidden transitions have been found in this work. Their 
decay can take place due to K-mixing. Statistical level mixing for K^=13+ and 
K^—21" isomeric states was employed in this work to explain the the K-mixing 
process.
®^®Re is the highest-Z, deformed odd-odd nucleus that has been found to have 
a six-quasiparticle isomer; K remains approximately a good quantum number 
despite a tendency towards axially asymmetric shape distortions.
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Chapter 1
Introduction
A variety of deformed nuclear shapes have been observed for certain nuclei either 
in their ground state or in their metastable states. These shapes can be schemati­
cally divided into three categories, prolate, oblate, and triaxial, depending on the 
relative axis values of the ellipsoid [1]. These deformed shapes arise because these 
nuclei can lower their total energy by rearranging their protons and neutrons into 
deformed shells accommodating different number of nucleons.
^^°Re is one of the axially deformed odd-odd nuclei, which are located in 
the prolate range, among the mass 180 region in the Segre chart. It has 75 
protons and 105 neutrons which can couple with each other in many different 
ways to give a large number of excited states that reveal a considerable wealth 
of nuclear features. ^®°Re can be formed in the electron capture decay of ®^°0 s 
[2, 3, 4, 5]. It is an unstable nucleus with a ground-state spin of (1“ ) and a 
half-life of 2.44 minutes. The ®^*^ Re, in turn, decays via electron capture to the 
stable isotope ^^^Re tentative spin and parity have been determined on the 
basis of systematics.
^®^ Re has been studied more than once in the past two decades. Our work is 
considered to be the third attempt in trying to understand the high-spin structure 
of this nucleus. Both experiments in the past failed to agree on a common specific 
structure for it. The first experiment [6 , 7] used the reaction and
14
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obtained a high-spin level scheme in which five rotational bands were identified 
and claimed as being part of ^^°Re. There were no connections with the lower- 
spin part of ^®°Re which was identified in electron-capture decay [4, 5). The 
effective ground state band in the high-spin data was established to be at spin 
(5+) which is believed to be cascading down through possibly highly converted, 
and perhaps isomeric, low energy transitions to the (1~) known ground state of 
^®°Re. The spin and parity assignments were tentatively determined on the basis 
of intensity balance between the energy levels. Two isomers were observed and 
measured, one at an excitation energy of 213 keV and with a half-life of 78ns, 
and another at an excitation energy of % 1438 keV and a half-life of 67ns.
The second ^®°Re experiment [8 , 9, 10, 11], on the other hand, using two 
target and beam combinations, ^®^Ta(cr,5n) and ’^^ ^£'r(^'^W,4n), established the 
existence of six strongly coupled rotational bands and a seventh band which 
showed a significant energy splitting between the sequences of different signa­
ture. In addition to the two isomers found in [7] (although with slightly different 
values for the half-lives), another two isomers were observed, but their half-lives 
were not measured due to the weakness of the delayed transitions depopulating 
them. Spin and parity assignments were constructed based on quantities like 
the gyromagnetic ratio (çk), aligned angular momentum, and rotational spacing. 
However, these differ substantially from the assignments of the first high-spin 
experiment. Their spin assignments are also considered tentative for the same 
reason of not being able to link the level scheme with the known low spin levels. 
Both experiments will be referred to in the discussion chapter for comparative 
purposes.
To explain the structure of ^®°Re and many other nuclei with similar prop­
erties, we make comparisons with theoretical nuclear models which, so far, have 
been the most powerful tools to test experimental results against. These nu­
clear models, in general, are divided into two categories: the microscopic and the 
macroscopic. The former, involve models like the independent particle model and
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the shell model. Those models are usually employed when the nucleus exhibits a 
single particle like behaviour. The macroscopic models, on the other hand, like 
the rotational model, are usually applied when the nucleus reveals some classi­
cal object attributes. Due to this entangled behaviour of the nucleus we often 
describe it as being a quantum object with some residues of collective classi­
cal motion. This behaviour could be illustrated if we consider valence nucleons 
outside closed shells. The independent particle shell model is usually successful 
in predicting the properties of nuclei near closed shells. However, as we move 
away from closed shells and the number of valence nucleons increases, and their 
residual interaction increase, the shell model calculations become insufficient to 
describe the nuclear behaviour and the motion of the single particles, and some 
adjustments to the nuclear potential need to be made. The coherent motion 
of the valence nucleons in this case contributes to the rotational motion of the 
nucleus and hence the interplay of single particle and collective motions.
The valence nucleons outside a closed shell when creating this duality of mo­
tion also play a role in causing a deformation of the nuclear core, and hence 
leading to ^®°Re being an axially deformed nucleus. For axially deformed nuclei, 
we can define the projection of the total angular momentum onto the symmetry 
axis to be K. It is approximately a good quantum number and defines what is 
called the K-selection rule for electromagnetic transitions, AK < A, where AK is 
the difference in the K-quantum number of states. It is conventional to identify a 
particular intrinsic state with the K quantum number; A is the multipole order of 
the transition. For transitions to proceed, the K-selection rule should be obeyed. 
However, this is not usually the case and in the axially deformed region tran­
sitions which are K-forbidden in theory tend to occur, albeit with substantially 
hindered rates. A measure of K-forbidden transition probabilities is expressed 
by a hindrance factor. This hindrance factor is defined as the ratio between the 
experimental partial 7 -ray half-life to the theoretical Weisskopf single-particle
CHAPTER 1. INTRODUCTION  17
TT 1half-life, F„ — g#. Also, a reduced hindrance factor is defined as f„ =  , where?ly — AK - A. In ref [1 2 ], fp % 100 for a range of z/ and A. This means that for 
each additional unit of AK, transitions are hindered by an additional factor of 
about 1 0 0 . This however is not always the case since a number of transitions 
with fp < 1 0 0  have been observed in the 180 mass region.
In refs.[13, 14, 15, 16, 17, 18, 19] values of /^ < 5 have also been observed 
using modern 7 -ray spectrometers with high sensitivity. There is more than one 
explanation of why K-forbidden transitions occur. In this thesis, statistical level- 
mixing theory is employed to explain this phenomenon.
Chapter 2
Theory
In this chapter, an outline of nuclear models and concepts related to this work 
are highlighted and discussed.
2.1 The Shell M odel
Based on the independent particle model, the shell model assumes that each 
nucleon moves independently of all other nucleons in a common potential. The 
nuclear shell model determines that neutrons and protons within the nucleus are 
arranged into shells. Each shell can contain a certain number of nucleons of a 
given sort. When the shell is filled, the resulting configuration is more stable 
and of relatively low energy. When the protons and neutrons are in filled shells, 
the number of protons and neutrons are called magic numbers, which occur at 
nucleon numbers 2 , 8 , 2 0 , 28, 50, 82, 126. Extra stability, due to both neutron 
and proton numbers being simultaneously magic, is gained and the nucleus is 
said to be doubly magic. These orbits, or single particle levels, are determined 
by an average, smooth potential which takes into account interactions among 
the nucleons. In the simplest case, this average potential was assumed to have 
a spherically symmetric shape, then a potential which included a non central 
component depending on spin and angular momentum was proposed [20]. The
18
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total angular momentum of a nucleon in any orbit is given by the vector coupling 
of the orbital angular momentum i  and its intrinsic spin component s =  The 
force felt by any particle differs according to whether its spin and orbital angular 
momenta are aligned parallel or anti-parallel [2 1 ].
2.2 N ilsson M odel
The shell model with its spherical potential provides an excellent description for 
a range of nuclei which are close to closed shells. The shell model, however, had 
its own limitations because it could not accommodate the wealth of nuclei that 
are found away from closed shells. Nilsson [2 2 ] extended the shell model potential 
to encompass nuclei with axially symmetric deformed potentials. Nilsson consid­
ered the single particle energy levels of all nucleons to be moving in an axially 
symmetric deformed harmonic oscillator potential V (x ,y ,z )  and with spin and 
orbital angular momentum dependent terms giving a Hamiltonian of the form,
p2
R  =  —  +  y  (r) -  C l s  -  B U ,  (2.1)
where,
a^ jjd Wa; — Wy.
P  and m are the momentum and the mass of the particle, r  is its position, 
and £ and s are the orbital and spin angular momentum respectively.
The {wx,Wy,Wz) terms are the one dimensional oscillator frequencies which 
can be expressed as functions of deformation. In the axially symmetric case.
=  ■»o(l +  5 ^). (2 .2 )
and
CHAPTER 2. THEORY  20
=  «'0 (1  -  ^4). (2.3)
S is the degree of deformation, and wq is the oscillator frequency (hwo — 
41 A ": MeV) in the spherically symmetric case, when 5 =  0. The £.£ term in 
equation 2.1 has the effect of making the potential well more like a deformed 
square well as it causes higher £ states to reduce their single particle energy. The 
constant, C, in (2.1) gives the strength of the spin-orbit force, and D is chosen to 
fit the observed sequence of the single particle levels. Both C and D are adjusted 
to reproduce the shell model levels when the deformation vanishes. A plot of the 
single particle energies against deformation is known as the Nilsson diagram, see 
figure 2.1 for protons in the range of 50 <  Z  < 82 and figure 2.2 for neutrons in 
the range of 82 < A  < 126 [23].
The Nilsson orbits in the Nilsson diagram are characterized by asymptotic 
quantum numbers of the form,
Q^[Nn,A]
where Ü is the projection of the single particle angular momentum on the sym­
metry axis (z) and tt is the parity of the state given by (tt = (—1)^=(—1)^). N 
is the principal quantum number, A is the projection of the orbital angular mo­
mentum onto the symmetry axis and is the number of oscillator quanta along 
the symmetry axis. We can also define,
=  A ±  E (2.4)
where E is the projection of the intrinsic spin of the nucleon onto the symmetry 
axis, thus E =  ±
The deformation parameter €2 in figures 2.1 and 2.2 can be defined in terms 
of 5 as,
62 — 5 -f —5  ^4 - — +  ■■■■ (2.5)
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Figure 2.1: Nilsson diagram for protons, 50 < Z <  82. The full lines correspond 
to positive parity, and the dashed lines to negative parity [23].
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Figure 2.2: Nilsson diagram for neutrons, S2 < N  < 126. The full lines corre­
spond to positive parity, and the dashed lines to negative parity [23].
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2.3 N uclear Shapes
The surface of an object of any arbitrary shape can be expressed in terms of the 
spherical harmonics and shape parameters as [24]:
!
R{9, <P) =  iîo[l +  E Z (2. 6) '
A M !
 ^ IR q is the mean nuclear radius given as R q =  ro A3 and ro% 1 .2  fm. are the |
spherical harmonics and axjj, are the expansion coefficients representing distortion !
from a spherical shape. The most common deformation is of quadrupole nature 
(A =  2 ). It plays a major role in describing many low-lying collective excitations.
For A =  2, we have five coefficients, ax/j, (jJ. — —2 ,.. +  2 ), then,
=  i?o[l +  Gi2nY2fj,{9,(j))]. (2.7)
p ——2,..,2
The five parameters a2^ can be reduced to two shape parameters ^  (sometimes 
called ^ 2) and the triaxiality 7 . This is because, the relations, ugi =  0 2 -1  and «22 
=  U2 -2  are required by the reflection symmetry of the deformation,
«20 =  j32COSj (2 .8 )
- 1
« 2 2  =  ^ A s m 7  (2.9)
A  in here represents the magnitude of nuclear deformation (elongation or 
flattening) and 7  the degree of nonaxiality (or triaxiality).
If we consider a deformed ellipsoidal nucleus with semi axis a, b, and c then we 
can write,
a ~  R{0, (f>) =  RQ[^l~j32Cosj 4-1] (2.10)
b =  ^ ( —, 0) =  Ro[J^P2Cos{'y — —) +  1] (2.11)
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C =  -R (|. | )  =  ^ h c o s ( 'y  -  y )  +  I]' (2.12)
X
Figure 2.3: Schematic plot of a deformed ellipsoidal nucleus with semi axes a, b, 
c.
The geometrical picture is shown in figure 2.3. The parameter j  here is defined 
in the range 0 ® —> 60® and represents the degiee of axial symmetry. A prolate 
shape has 7 = 0®, and an oblate shape has 7 = 6 0 ®, and a perfect triaxial shape has 
7=30®, and (32 > 0. For 7  =  0®, we have an axially symmetric shape with semi 
axes b=c, /?2 then becomes,
TT A R 1.06 A R (2.13)R q R q
where AR =  a - c.
The deformation parameters described above are used in models based on the 
Wood-Saxon potential. An alternative set of deformation parameters (eg, 63...) 
used in the Nilsson model which is based on modified harmonic oscillator are 
frequently used also. The relationship between, f t  and 62 is,
(2.14)
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2.4 R otation  and Angular M om entum
In the mass 180 region, rotational angular momentum is generated by collec­
tive motion of many nucleons alignning their spins perpendicular to the axis of 
symmetry. Additionally, unpaired valence nucleons also contribute to the total 
angular momentum of the nucleus. In general, energy given to the nucleus is 
distributed in such a way as to create collective rotation perpendicular to the 
symmetry axis and to excite single particle orbits which lie closer to the sym­
metry axis than to the rotational axis. Pictorially, this is represented in figure 
2.4,
Rotational axis
Symmetry axis
= A + E
K = E O .
Figure 2.4: Schematic of components of angular momentum for a deformed nu­
cleus.
The vector j  in figure 2.4 is the angular momentum of the unpaired nucleon, 
K is the projection of the total angular momentum onto the symmetry axis. 
K=|Oi ±  ....| — where Ü is the projection of the angular momentum
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of a valence nucleon on the symmetry axis. For even-even nuclei, nucleons in the 
ground state are paired up so that J=0 and in the ground-state rotational band 
the total angular momentum I  — R.
In the classical case, the kinetic energy of a rotating rigid body is given by,
E = (2.15)
where ^  is the moment of inertia and w is the collective rotational frequency. 
Since the nucleus, however, is a quantum system, we get,
(2.16)
where is the static moment of inertia.
There are two other types of moment of inertia that are usually accounted for,
the kinematic and the dynamic moments of inertia. The former is given by the
formula [24],
^ (1) =  a —. (2.17)UJ
While the latter is
where,
4  -  y /l{I  + + (2.19)
and it is defined as the projection of the total angular momentum in units of 
h along the axis of rotation.
We define the quasi-particle aligned angular momentum, %a.(w) by,
4 (w) =  4(w ) -  7™‘(w), (2.20)
where 1 ™* is defined as,
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and
^(0) +  ^(2)W  ^ (2 .2 2 )
is the core moment of inertia and is calculated in terms of the Harris 
parameters [25], which are usually fitted to low-spin states in the ground-state 
band, or to give a constant alignment above the first band crossing (see below).
2.5 Pairing
The pairing interaction is an attractive force that occurs between identical nucle­
ons in the same j orbit. It effects identical particles coupled with their angular 
momenta anti-parallel to form a =  0 + state, while states with O'*' are 
uneffected. Particle pairs with J  =  0 have usually a lower energy configuration 
than other states.
The strengths of the pairing interaction may be denoted by G when expressing 
the pairing interaction matrix element. G is usually higher for neutrons than for 
protons. This is due to the Coloumb repulsion for the protons. The pairing 
strengths are estimated to be,
Gj, = ^ M e V  (2.23)
23Gn =  - jM e V  (2.24)
We can see from above that G decreases in value when A (the mass number)
gets larger. This is because heavy nuclei with nucleons in outer orbits have a
larger spatial extent, so the probability of their wavefunctions spatially overlap­
ping is reduced.
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The pairing interaction has another aspect when considering coupled nucleons 
in the same orbit. This pairing interaction also scatters pairs of particles from 
one orbit to another as a pair with =  0*^ . This has the effect of creating 
partial occupancies for orbitals near the Fermi surface (though this is limited by 
the Pauli exclusion principle).
If pairing effects are included, the quasiparticle excitation energy is given by 
[21],
Ei — ^  {ei — A)^  +  A^, (2,25)
where Ei is the intrinsic quasiparticle energy, Si and A are the single particle 
and Fermi energies, and A is the pairing gap parameter. Particles and holes are 
replaced by quasiparticles representing partially filled levels. With this we only 
consider quasiparticle excitations relative to the Fermi surface, where the nucleus 
is considered as a Fermi gas and each orbital has a probability of being occupied 
at a given time. The occupation probability for holes and particles respectively 
is.
Ui = V 2
and A the pair gap is given by.
1 +
1 -
{si -  A)
( £ j  — A )
(2.26)
(2.27)
A =  GEi^ijUiVi, 
where ij represents the indices of a singly occupied orbital.
(2.28)
CHAPTER 2. THEORY 29
2.6 A lignm ent and Coriolis Effects
At high rotational frequency, nuclear pairs may break (usually those occupying 
high j orbitals) and start aligning themselves, due to the Coriolis force 
along the rotational axis. This phenomenon is apparent in a plot of moment 
of inertia or alignment against rotational angular frequency (see figure 2.5). In 
this plot one can observe a gradual increase in the alignment and then a sudden 
steep jump of increasing alignment while w is reduced, this is called backbending. 
After that the alignment is approximately constant. The Coriolis force here works 
gradually on high j nucleons (build up of curve) and after a certain uj value 
(denoted Wc), sudden alignment takes place increasing the moment of inertia.
Alignments are additive, i.e, the alignment of a multi-quasiparticle band 
should be equal to the sum of the constituent one-quasiparticle alignment. Con­
figurations of intrinsic states that contain the neutrons and protons are 
usually influenced by alignments due to the the strong Coriolis effect on these 
nuclear orbits.
I
Frequency
Figure 2.5: Schematic illustration of alignment plotted against rotational fre­
quency.
The coupling motion inside the nucleus arises between the rotating deformed
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nuclear core and the individual nucleonic motion. The determining factors of 
nucleonic motion in a rotating nuclear potential are; the deformed average nuclear 
field and the Coriolis force. This coupling can take three forms which are well 
developed for the case of high j-intruder states [26]; the strong coupling or the 
Deformation Aligned (DAL) scheme showing that the motion of the odd particle 
is determined by the strongly deformed core (see figure 2 .6). The second, which 
is the other extreme case, the weak coupling or Rotation Aligned (RAL) scheme 
where the odd particle follows the rotation of the core. The rotation in this case 
is so fast that the Coriolis forces largely determine the particle motion (see figure 
2.7). The third case figure 2 .8 , the Fermi Aligned scheme, the particle is Fermi 
aligned with a well defined projection on an intermediate axis or tilted axis.
Rotation axis
Defonnation Aligned
Symmetry axis
Figure 2 .6 : Schematic representation of quasiparticle angular momentum cou­
plings. The case of Deformation Aligned Scheme.
2.7 Branching R atios and g-Factors
The in-band branching ratios, calculated from the intensity of 7 -rays in rotational 
bands, are used to determine values for bands. These values are then compared
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Rotation axis
Rotation Aligned
1
Symmetry axis
Figure 2.7: Schematic representation of quasiparticle angular momentum cou­
plings. The case of Rotation Aligned Scheme.
Rotation axis
Tilted axis
Fermi Aligned
<i>
<K> Symnietiy axis
Figure 2 .8 : Schematic representation of quasiparticle angular momentum cou­
plings. The case of Fermi Aligned Scheme.
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with the Nilsson model predictions, calculated from the Nilsson model quantum 
numbers given by the following expression:
^ffic =  yi(ApA +  (2.29)
where, A and S (see before) are projections of the nucleon orbital and intrinsic 
angular momenta. gA= 0  for neutrons, and 1 for protons, while the free neutron 
and proton intrinsic spin gA, =  -3.83 for neutrons, and -i-5.59 for protons. Usually 
the gA for both protons and neutrons is attenuated from its free value by a factor 
commonly found to be 0 .6  [17].
The experimental gx  values are derived from the branching ratios using the 
rotational model expression [27],
_ 2K^(2i - i )  m y  , .
n-52 ~  ( j+ i ) ( / - i - A : ~ i ) ( j -A r - i )  U sJ  ’  ^  ^ ^
ffK -  9 r  __ 0 .9 3 3 ^ 1  / o q i \
8 is the ^  mixing ratio, E is the transition energy in MeV*, A is the 7 -ray 
transition intensity ratio and gR is the rotational g-factor. Qo is the intrinsic 
quadrupole moment given in units of e.b. The subscripts 1 ,2  refer to A I= 1 ,2  
transitions. Equation 2.30 assumes a well-defined K value and only yields the 
magnitude of 5 and not its sign. In this work we fall short of finding the sign of 
I 9 k  — 9 r  I because it was not possible to measure angular correlation ratios to 
determine (5 for low intensity transitions. The rotational g-factor, which depends 
on the collective angular momentum carried by the protons can be treated as a 
constant. Alternatively, it can be treated as follows,
where are the moment of inertia for both protons and neutrons respectively.
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Bark et al. in ref. [29] used the following expression to calculate the g r^ fac­
tor (ge//) which is based on the semi-classical geometric model of Donau and
Prauendorf [30],
9.ff  -  (2.33)
where, K=EJTÿ, and ij is the aligned angular momentum of the nucleon 
of the configuration, having a gK value of g^ -. This formula can be used when 
the configurations of bands involve the i ^  neutrons and Hq protons, where the 
estimate of the qk is inappropriate due to these orbitals being affected by large 
Coriolis mixing of different K values. This tends to contribute to the alignment 
of these orbitals, increasing it or decreasing it. In general, the value of a 
multi-quasiparticle state involving an 1^3/2 quasineutron would be expected to 
be increased, while those for configurations with a /19/2 quasiproton component 
would be decreased compared to the strong coupling estimate [31]. Also, another 
method used for calculating the g-factors is the method of Walker et al. [17] which 
favours the usage of the experimental value of gj taken from the experimental 
branching ratios of the corresponding 1-quasiparticle band. The g% here =0.08, 
and is also used to replace the g r^ value for multi-quasiparticle configurations 
involving the orbitals influenced by the Coriolis mixing.
2.8 E lectrom agnetic D ecays
Excited states of nuclei are not stable and an emission of electromagnetic radi­
ation is typical for the deexcitation process. This can be described in a series 
expansion as a superposition of different multipolarities each with its characteris­
tic angular distribution. The Electric dipole, quadrupole, octupole radiation, etc. 
are denoted by E l, E2 , E3, etc, while the magnetic multipoles are denoted by 
Ml, M2, M3, etc. If the nucleus changes spin in a 7 -ray decay, then to conserve 
angular momentum and parity, a set of selection rules are entailed. A photon
CHAPTER 2. THEORY  34
of multipolarity has an angular momentum i  and parity change of (-1 ) ,^ and 
an M£ photon has angular momentum i  and parity change of A 7 -ray
transition between two levels may only occur if | A — 7/ \< i  < Ii + I f  is satis­
fied. 7 -ray emission is dominated by the lowest allowed multipolarity, the emitted 
power decreases very rapidly with increasing multipole order. However, since the 
electric transitions are much stronger than the magnetic transitions of the same 
order, when the lowest allowed multipolarity corresponds to a magnetic transi­
tion, the electric transition of higher order might compete with it. A transition 
3+ — 1+, for example, is in principle a mixture of E2 , M3, and E4, but will easily 
be dominated by the E2  contribution. A 3+ 2+ transition will usually consist
of an M1/E2 mixture, even though M3, E4, and M5 transitions are also possible. 
The lifetime of a state strongly depends upon the multipolarity of the 7 -ray tran­
sitions by which it can decay, conversely, the life time of the state and the angular 
distribution of the electromagnetic radiation which it emits are signature for the 
multipolarity of the transitions emitted. The decay probability also depends on 
the transition energy. For radiation of multipolarity 7, the transition probability 
is proportional to E^^+ .^ A summary of selection rules are shown in table 2 .1 .
Table 2.1: Selection rules for some electromagnetic transitions.
Multipolarity Electric Magnetic
E£ 1 AI A tt M i | AI1 A tt
Dipole E l 1 - Ml 1 +
Quadrupole E2 2 + M2 2 -
Octupole E3 3 - M3 3 +
A nucleus can also decay by internal conversion, a process whereby electro­
magnetic energy liberated by the nucleus is taken up by an atomic electron. 
This process is most important in transitions for which 7 -emission is suppressed.
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typically decays of high multipolarity and/or low energy. This process is also 
particularly favoured in heavy nuclei where there is a high probability of the elec­
tron being inside the nucleus. The energy of the emitted atomic electron is equal 
to the 7 -ray energy given to the nucleus less the binding energy of the electron 
from its atomic shell.
Experimentally, conversion coefficients are determined from the conversion elec­
tron N k ^Nl ^Nm and 7 -ray peak areas, measured simultaneously. The sub­
scripts, L, K, and M represent the individual atomic shells. The expression for 
the total conversion coefficient where all atomic shells are included is,
a r o r ie x p )  =  ^  x (2.34)
’7 Vk
where N r  is the electron peak area, t}k  and rjj are the relative efficiencies for 
electrons and 7  detection determined from the radioactive source measurement.
Chapter 3
Experim ental Techniques
In this chapter, the experimental set up, techniques and data analysis that played 
a role in making the desired nucleus are described. The experiments took place at 
the Australian National University with the use of the 14UD pelletron accelerator 
[32]. Fusion evaporation reactions to malte ^^°Re were utilized where the incoming 
projectile formed a compound nucleus with the target and then proceeded to 
evaporate a number of neutrons and/or charged particles. The increased Coulomb 
barrier in medium and heavy nuclei inhibits charged particle evaporation [33] so 
the dominant mode of decay was evaporation of neutrons.
3.1 Sem i-C onductor D etectors
A semi-conductor is made up of two bands of electron energy levels. These 
two bands are called the valence and conduction bands with a forbidden gap 
in between with no electron occupancy. In the valence band, the electrons are 
bound in their lattice sites, while in the conduction band the electrons are free 
to move. When an incoming photon hits an electron in the valence band, this 
electron will absorb some of the incoming energy and consequently shift to the 
conduction band, leaving a hole in the valence band. Applying a voltage across 
the detector stimulates both bands into creating a charge flow whose magnitude
36
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is a measure of the 7 -ray energy. Due to their high photo-electric cross section 
and their small energy gap between the valence and the conduction band of few 
eV, Ge is usually preferred over other materials used in semi conductors. The 
small energy gap means that there is more unwanted noise which may arise due 
to thermal excitation of electrons. In order to ensure that does not happen, the 
detector is operated at liquid nitrogen temperature to keep it cooled. Hyper-Pure 
Germanium (HPGe) detectors were used for the detection of 7 -rays in this work.
3.2 Scintillation D etector
Bismuth germanate (Bi4Ge3 0 i2) or BGO was the scintillator used in the current 
work. The high density of bismuth (Z=83) makes it an extremely efficient 7 - 
ray detector. This quality of this detector makes it favoured over the Sodium 
Iodide (Nal) scintillator detector which has a better resolution than the BGO, 
especially for low energy 7 -rays. In scintillation detectors, the 7 -ray energy raises 
the molecules of the detector materials to higher excited states which then decay 
by the emission of light. The light then strikes a photosensitive surface, an 
electron is emitted, accelerated, multiplied by collisions with further electrons, 
and formed into the output pulse in the photomultiplier tube.
3.3 The C A E SA R  D etector Array
The 7 -ray measurements were taken using the detector array, CAESAR [34], 
consisting of six Compton-suppressed (CS) n-type HPGe detectors (BGO shield 
surrounding each detector) mounted at angles of ±48®, ±97® and ±145® with 
respect to the beam axis, as shown in figure 3.1, and two small volume un­
suppressed planar Ge detectors (LEPS) at ±45® used for identifying low energy 
gamma rays and X-rays. The array was operated in both singles and coincidence 
mode. The schematic diagram in figure 3.2 shows the electronics of the CAESAR
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Beam Line
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r~ l HPGe Detectors 
^  BGO Suppressors
Figure 3.1: A schematic diagram for the CAESAR detector taken from [31].
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array. Normally, the electronic signal from the detector goes directly to a pre­
amplifier, which converts the charge pulse from the detector to a voltage pulse. 
The pulse then goes into a spectroscopy amplifier which integrates and shapes 
the pre-amp pulse into the millivolt range before being processed by the analog- 
to-digital-converter (ADC). The amplification in this case happens at block B in 
the diagram with [Amp.Orb72].
The radiation detected, whether in singles or in coincidence, is usually Compton 
suppressed. In the top part of figure 3.2, the [Ph758], processes an output signal 
only when the fast timing germanium detector signal is not in coincidence with 
a signal from the BGO. The fast timing signals select between single and dual 
events to create a start and stop logic for the time-to-digital-converter (TDC) 
associated with each germanium detector. The fast timing signals also start and 
stop a single time-to-amplitude-converter (TAG) which produces a time spec­
trum of output pulses whose pulse height is proportional to the difference in 
arrival times of the two input pulses. The TAG allows for a larger time region 
than the TDCs. When singles are collected, block D [fan-in Ph744] is used so that 
coincidence conditions are simulated even if only one 7 -ray has been detected. 
For event timing, each 7 -ray time is measured relative to signals produced from 
the RF pulse train, correlated with a beam burst (when a pulsed beam is used). 
Signals at Block G [Fast.Disc.LR8821] are used to stop the TDCs after being 
delayed by % 1 .2fis at block [GDC Ortec GG8000]. The TDCs start again by a 
common signal called ‘gated RF’. Block [Ph755] ensures that the TDCs only start 
when a valid coincidence event occurs. The TAG is also measured against the 
RF pulse. The [LRS429A] module sets the TAG on-or-off after the fast timing 
signal from the [Ph758] block F is fanned-in into the logic.
To choose between events that occurred in-beam or out-of-beam, a fast veto can 
be applied. It is applied at [Ph758] block C.
All data are collected in event-by-event format and written to magnetic tapes for 
subsequent off-line analysis.
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Figure 3.2: Schematics of the electronics of the CAESAR array taken from [31].
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3.4 Experim ental M ethods
3.4.1 7 "R ay M easurem ents
The nucleus ^^°Re was populated with a 71 M eV  beam. The beam used 
was incident on a self supporting ^^^Yb foil target of thickness 5mg/cm^. The 
fusion-evaporation cross section of the ^^B beam induced reaction on ^^^Yb, was 
calculated by using PACE [35] and is shown in figure 3.3. This figure shows that 
the cross section for 5n channel leading to ®^®Re is dominant at % 67 MeY beam 
energy. A beam energy of 71 M eV  was used in the experiment to compensate for 
the energy lost in the target which is calculated to be about 4: M eV.  Although 
the main channel for this fusion reaction was the 5n, other nuclei were made 
also via either the 4n or 6n channels making ^®^ Re and ^^ ®Re or via the charged 
particle evaporation channels populating, and ^^^Ta. Some ^^^Lu
was also populated due to proton transfer to the target nucleus.
Gamma-gamma coincidence measurements were performed with a pulsed beam, 
with Ins wide pulses, 1 .7 fj,s apart. Gamma ray singles were also measured as well 
as beam-gamma (BG) timing measurements. In the latter measurements, the 
beam was chopped to allow possible measurements of isomers in the microsec­
ond region, while the former measurements are necessary for determining relative 
intensities and populations for each band. Another longer time region was mea­
sured to look for longer lived isomers in this nucleus, where the beam chopping 
was set to 53 fj,s on and 802 fis off.
3.4.2 C onversion-C oefficient M easurem ents
An electron spectrometer, consisting of a superconducting magnet transporter 
and a Si (Li) detector with an antipositron baffle, were used to detect conversion 
electrons. This detector was operated in lens mode in which the baffle system 
selects a restricted momentum band. The magnet may be swept to cover a large
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Figure 3.3: Calculated excitation function for the ^ '^^Yb(^^B,5n)^^®Re reaction,
energy range. In the current work, two energy ranges were chosen. The first 
was (200-900) keV, and the second was (400-600) keV. To measure the 7 -ray 
spectrum simultaneously with the conversion electrons, a high-purity germanium 
detector was installed at 135° to the beam direction. The detector was shielded 
to suppress unwanted events. A full description of the electron spectrometer is 
found in [36]. This experiment was carried out using a pulsed beam, where the 
beam was bunched and chopped allowing 7fj.s pulses to be separated by 107/^s. 
For a schematic view of the electron spectrometer see figure 3.4.
3.5 DCO R atios
The theory of the DCO (Directional Correlation of 7 -rays from Oriented states) 
is well developed and has been discussed in more than one place [37, 38, 39]. 
For example, in [39] the DCO was mainly discussed for spin assignments for 7 - 7  
angular correlations involving high-spin states. The DCO technique is usually 
used for the spin determination of the nuclear levels established in multidetector
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Figure 3.4: Schematic view of the superE-lens array [36]
experiments and the mixing ratios of the connecting transitions. This technique 
is made useful in fusion-evaporation experiments, where the beam direction is 
perpendicular to the angular momentum vector (l= r xp). This causes the nuclei 
to have their aligned angular momenta with a specific orientation in space and 
hence the O in the title. The desired nucleus during its process of formation 
evaporates particles, be it neutrons, protons, or alpha particles, or 7 -rays which 
will alter its orientation relative to the plane of the nuclear reaction. However 
this spatial movement is usually relatively small and does not influence the over­
all process. The 7  radiation from the decaying final nucleus is mostly of dipole 
or quadrupole nature or a mixture of both types. Experimentally the three types 
of the radiation specified above can be measured, using appropriate detectors. 
Coincidence data is usually used here due to its usefulness in eliminating con­
taminations and also because it helps highlight the weaker transitions that are 
coincident with the band in question. The DCO ratio can be defined as [40]:
I), {Gatel,) 
i t i G a t e t ) (3.1)
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where I  represents the intensity of the 7 -rays, 9i and 62 are the angles between 
the detectors and the beam and they are usually chosen to be near 0° and 90® 
to maximize the difference in the angular distribution of the transitions. The 
calculations here have been carried out for the angles 9\ =  145®, and 02 =  97®. 
If the two transitions in the cascade have the same multipolarity, then gating 
at either of them, the DCO ratio would be Rdco ^  1. However, gating on 
a stretched quadrupole transition gives % 0.56 for a pure stretched dipole, and 
when gating on a dipole transition, the quadrupole would be % 1.6. Mixed M l/E2 
transitions have a DCO ratio ranging from % 0.3 to 1 .2  depending on the size 
and sign of the mixing ratio, DCO ratios for some transitions are listed in table 
4,1,
3.6 A nalysis Procedure
A total of 3 X  10® 7 - 7  coincidence events were recorded and sorted into 4096 x 
4096 channel matrices. Efficiency and energy calibrations of the detectors were 
performed at the end of each of the two experiments (gammas and electrons) using 
a ^®^ Eu radioactive source, placed in place of the target, and data was collected in 
singles mode. The calibration of the CAESAR array was 0.5 keV per channel 
for the HPGe detectors, and 0 .2  keV per channel for the LEPS detectors. Energy 
gain and time matching was done for all detectors prior to the sorting of the data.
3.6.1 7 - 7  C oincidences
The first matrix sorted required that the 7 -rays occur within dr 40ns from each 
other (narrow prompt). A less stringent condition was utilized where the time 
relationship was relaxed to ±  170 ns. Additional conditions that the events occur 
during the beam pulses, between beam pulses, and/or selecting coincidence events 
below an isomer have been used. Where the 7  events are found to occur between 
beam bursts, two ‘early-delayed’ matrices were constructed in two delayed time
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regimes 40-170ns (short) and 170-800 ns (long), where projection of those events 
that precede an isomer was achieved by gating on transitions that follow it, 
and projection of those events that follow an isomer was achieved by gating on 
transitions that feed it. A background subtraction was usually performed for 
each individual 7 -ray transition used in gating.
3.6.2 7 - 7  T im e M easurem ents
Two three-dimensional matrices (cubes) were sorted for detailed time analysis. 
For states depopulated by low energy 7 -rays, a 7 -x-At cube was constructed, with 
the six HPGe detectors projected on one axis, the two LEPS detectors on the 
second axis and the time difference between them on the third axis. Also a 7 -7 - 
At cube was constructed, where 7 -rays are on two axes and the time difference on 
the third. The background subtracted spectra were then obtained by projecting 
onto the time axis with gates on the 7 -rays which populate and depopulate the 
level of interest. This enabled half-lives to be associated with specific states.
3.6.3 7 -T im e M easurem ents
Two-dimensional matrices were created with different time conditions to measure 
half-lives of transitions depopulating isomeric states. The matrices were gener­
ated of 7 -ray energy versus time of arrival. In the first matrix sorted, the beam 
was on for 7/xs and off for 107^s, and in the second matrix, it was on for 53^s 
and off for 802//S. This is done to measure the half-lives of short and long lived 
excited states present in this nucleus. The calibration for the time axis for these 
measurements is 0.25/US per channel. A third matrix was constructed using the 
data recorded in the LEPS detectors to determine the life time of the states which 
are relatively short and decay by low-energy 7 -rays.
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3.6 .4  C onversion C oefficients
Using the data collected with the Si (Li) and HPGe detectors, two matrices were 
sorted, one with electron energy against the time of arrival, and another with 
the 7 -ray energy against the time of arrival with respect to the beam pulse. 
The electron events in this case were subjected to momentum selection criteria 
[36]. This means that instead of transporting the full electron spectrum to the 
Si (Li) detector, only a selected region can be measured which still retains the 
defined relationship between the electron energy (E) and the solenoid field (B). 
Figure 3.5 shows the full energy range of an E-B matrix before the momentum 
selection is done. Figure 3.6, however, shows a refined momentum selected matrix 
where events arising due to the backscattering of electrons from the detector are 
rejected, and only a range of the E-B matrix is shown. Events that usually fulfill a 
certain criterion are only accepted (E-B/Bp(J5)), where p{B) here is the magnetic 
rigidity coefficient.
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Figure 3.5: E-B matrix for ^®°Re. The y-axis is log B(Gauss) and the x-axis is 
energy (keV).
Figure 3.6: E-B/Bp{B) matrix for ^®°Re. The y-axis is B/Bp(B) (Gauss) and 
the x-axis is energy (keV).
Chapter 4
E xperim ental R esults
In this chapter, results from spectroscopic studies of ^®°Re and details of the 
construction of the level scheme are presented. Details concerning spin and par­
ity assignments for energy levels, and electron conversion coefficients are also 
presented and discussed.
4.1 A nalysis and R esu lts
The near yrast states of ^ ®®Re, had been studied twice before and two, significantly 
different level schemes, were established from the results. The first experiment 
[7] using the 6 n) and ^®^Ta(o:, 5n) nuclear reactions, produced five
bands ; Four AI= 1  bands and a AI= 2  band. The second experiment [11], using 
the 5n) and reactions, advanced the first experiment by
two more bands, one of which posed an ambiguity as to whether it was actually 
associated with ^®°Re or not. The work described in ref.[7] reported two isomeric 
states in ^^^Re, while that of ref. [1 1 ], identified four isomers measuring the half- 
lives of two of them. In the current work details of half-life measurements will be 
presented in later sections of this chapter.
Identification of transitions in ®^“Re, was initially done on the basis of an 
excitation function (see figure 3.3), and then by observation of coincidence 7 -rays
48
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with the ^®°Re X-rays.
The 7 -ray intensities for transitions assigned to ^®°Re are listed in table 4.1. 
The DCO ratios for transitions are also listed in the same table.
The level scheme obtained in this work is shown in two parts, figures 4.1 and 
4.2. The new level scheme consists of eleven bands where connections between 
all bands have been established. The first part of the level scheme, fig 4.1, shows 
mainly the 2-quasiparticle decoupled bands and band 3. Band 2, is believed to 
be the effective ground state band of this nucleus, at least with regard to the 
high-spin level structure. This band possibly decays through highly converted, 
low energy transitions to the (1 “ ) ground state of ®^®Re, however such a link to 
the (1 “ ) has not been experimentally established. The three bands in figure 4.1, 
were also reported in the level scheme of ref. [1 1 ], however they were not arranged 
in the same way, and moreover, they were not attached to the rest of the level 
scheme. Figure 4.2, also shows two of the 2-quasiparticle bands reported in the 
previous studies of this nucleus, namely band 4 and band 9. In addition, it shows 
the 4-quasiparticle bands whose spin assignments and configurations are differ­
ent to the published ones [1 1], and also the two new 6 -quasiparticle bands whose 
configurations will be discussed in chapter 5. Band 3 is presented in both figures 
4.1 and 4.2 for convenience.
The conversion coefiScient measurements for transitions in ^®^ Re were established 
under the condition that the 7 -rays were detected out-of-beam and covered two 
different regions of the magnetic field. This was to attempt to observe the 456.8- 
keV transition which depopulates the previously unmeasured 6 -quasiparticle iso­
mer. The narrower region for the magnetic field was simply used to focus in 
further on this transition. Figures 4.3 and 4.4 show the out-of-beam electron and 
the 7 -ray spectra from the conversion-electron measurements and table 4.2 lists 
the electron-conversion coefficients measured in the experiment. In addition, for 
low-energy transitions, the total conversion coefficients have been extracted from 
the energy level intensity balances which are then compared with theoretical val-
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Ties [41] to distinguish between the electric and magnetic character of transitions. 
According to the general trend of 7 -ray transition probabilities, only E l, Ml and 
E2 multipolarities are considered except for transitions depopulating band heads 
where significant half-lives are measured. Band structure with high intensity are 
assumed to be closer to yrast than more weakly populated structure. K values of 
rotational bands are taken as the spin of the band head. An exception to this rule 
is connected with bands 1(1 alb) and band 2(2a2b) where the K value is taken to 
be lower than the band head spin by 2h in the former case and Ih  in the latter 
case (for more details, see section 5.1.3).
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Figure 4.1: Partial level scheme of ^®°Re as deduced in the current work. All 
bands have been extended to higher spins.
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Figure 4.2: Partial level scheme of ^®°Re as deduced in the current work. All 
bands have been extended to higher spins. Both Band 9  and 10  are new.
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TABLE 4.1
Properties of transitions assigned to **°Re.
E , E\ E f K , I f ^1-7/ ^DOO
[keV\ [keV] [keV]
42.4(3) 73(27) 205.3 162.9 8 , 8+ 7,8+
45,8(5) 177(29) 45.8 0 .0 (4). (6 +) (4), (5+)
54.8(5) 56(28) 1755.2 1700.4 15,15- 14,14-
(62.9)(3) 148(34) 3471.3 3408.4 2 1 , 2 1 - (2 0 ), (2 0 +)
77.5(2) 36(12) 123.3 45.8 (4), (7+) (4), (6+)
79.1(2) 20(4) 284.4 205.3 9,9- 8 , 8 +
88.5(2) 70(17) 266.3 177.8 (5),(8 -) (5), (7-)
92.2(6) 85(12) 163.0 70.8 (7). (8+) (7), (7+) 0.87(12)
1 0 2 .2 (1 ) 2 1 (1 0 ) 3471.3 3369.1 2 1 , 2 1 - (19), (19-)
104.1(1) 79(18) 370.9 266.3 (5),(9-) (5), (8 - )  0.96(14)
106.3(5) 72(20) 230.1 123.3 (4), (8 +) (4). (7+)
120.5(1) 334(73) 1875.7 1755.2 16,16+ 15,15-
121.4(2) 766(218) 284.4 162.9 9,9- 7,8+
132.0(3) 45(14) 177.8 45.8 (5), (7-) (4), (6 +)
133.2(2) 24(5) 362.9 230.1 (4), (9+) (4), (8 +)
134.1(4) 99(29) 1676.2 1542.5 14,14- 13,13+
134.3(4) 160(17) 418.7 284.4 9,10- 9 ,9 - 0.89(1)
134.5(2) 605(148) 205.3 70.8 8 , 8+ 7,7+
141.5(2) 38(10) 1566.3 1424.8 13,13+ 8,13+
145.3(1) 37(8) 672.2 526.6 (5), (11-) (5), (10-)
149.5(4) 218(22) 312.5 163.0 (7),(9+) (7), (8 +) 0.96(3)
155.7(1) 248(15) 526.6 370.9 (5), (10-) (5)> (9-)
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TABLE 4.1
Contimied
7“ Et E f K , l f K , I J Hi)co
[keV] [keV] [keV]
159.8(1) 22 (5) 523.1 362.9 (4), (10+) (4), (9+)
163.1(8) 60(8) 1566.3 1403.2 13,13+ 13,12-
173.4(3) 17(8) 696.2 523.1 (4), (11+) (4), (10+)
176.7(2) 211(17) 595.4 418.7 9,11- 9,10- 0.96(4)
177.1(6) 51(6) 1079.8 902.4 (5), (13-) (5), (12-)
182.6(6) 154(29) 495.0 312.5 (7), (1 0 +) (7), (9+) 1.04(4)
184.3(1) 34(11) 230.1 45.8 (4). (8 +) (4), (6 +) 1.01(4)
193.1(2) 47(10) 370.9 177.8 (5). (9-) (5), (7-)
199.8(3) 31(13) 1586.1 1386.7 (5), (15-) (5), (14 )
2 0 1 .2 (8 ) 60(6) 696.2 494.9 (4). (11+) (7), (10+)
208.6(2) 377(14) 413.9 205.3 8,9+ 8 , 8 + 0.85(4)
209.9(4) 319(13) 805.3 595.4 9,12- 9,11- 0.91(5)
210.6(4) 26(13) 513.5 291.6 (4), (10-) (7), (9+)
220.5(1) 28(4) 715.5 495.0 (7), (11+) (7), (10+)
228.4(4) 347(29) 642.3 413.9 8 , 1 0+ 8,9+ 1.07(2)
229.1(2) 6 8 (1 1 ) 1929.5 1700.4 14,15- 14,14- 0.95(12)
229.9(1) 133(28) 902.4 672.6 (5), (12-) (5), (1 1 -)
231.4(3) 55(25) 2160.9 1929.5 14,16- 14,15- 0.83(14)
233.6(2) 32(6) 949.1 715.5 (7), (12+) (7), (11+)
237.4(2) 207(16) 1042.6 805.3 9,13- 9,12-
239.6(1) 74(10) 362.9 123.3 (4). (9+) (4), (7+) 0.96(8)
241.8(1) 55(5) 312.5 70.8 (7). (9+) (7), (7+)
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TABLE 4.1
Continued
E\ E f K , i r K , I J UdOO
[keV] [keV] [keV]
245.9(5) 293(26) 8 8 8 .2 642.3 8 , 1 1 + 8 , 1 0 + 0.95(2)
252.9(3) 23(10) 949.1 696.2 (7), (12+) (4). (11+)
255.5(1) 82(13) 1204.6 949.1 (7), (13+) (7), (12+)
259.5(2) 87(37) 2420.4 2160.9 14,17- 14,16-
260.3(2) 124(33) 526.5 266.3 (5), (10-) (5), (8 -)
261.2(4) 96(9) 1303.9 1042.6 9,14- 9,13- 0.85(6)
261.4(5) 308(35) 1149.6 8 8 8 .2 8 , 1 2+ 8 , 1 1+ 0.96(3)
262.4(2) 38(7) 1566.3 1303.9 13,13+ 9,14-
263.9(1) 299(15) 2139.6 1875.7 16,17+ 16,16+ 0.94(2)
275.2(1) 139(23) 1424.8 1149.6 8,13+ 8 , 1 2 + 1.20(4)
275.9(1) 248(52) 2415.5 2139.6 16,18+ 16,17+ 1.06(2)
277.3(4) 33(16) 1481.9 1204.6 (7), (14+) (7), (13+)
(280.2) (2 ) 56(24) 1846.5 1566.3 13,14+ 13,13+
283.1(6) 30(20) 1587.0 1303.9 9,15- 9,14- 0.79(5)
285.7(1) 9(2) 3408.4 3122.4 (18), (2 0 +) (18), (18+)
285.9(4) 42(13) 1767.8 1481.9 (7), (15+) (7), (14+)
287.2(4) 42(19) 1712.0 1424.8 8,14+ 8,13+ 0.97(8)
289.9(2) 121(46) 2710.3 2420.4 14,18- 14,17- 1.00(3)
290.0(1) 44(14) 2045.2 1700.4 15,16- 15,15- 1.09(5)
291.1(1) 22(5) 2706.7 2415.5 16,19+ 16,18+ 0.85(0.4)
292.1(4) 56(26) 3002.4 2710.3 14,19- 14,18-
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TABLE 4.1
Continued
Ey 4 Et Ef
[keV] [keV] [keV]
293.0(2) 67(22) 523.1 230.1 (4), (10+) (4), (8+)
295.9(2) 49(9) 2007.8 1712.0 8,15+ 8,14+
300.3(6) 65(7) 2375.4 2075.0 (7), (17+) (7), (16+)
301.0(1) 75(8) 1888.1 1587.0 9,16- 9,15-
(301.6) (2) w* 2148.1 1846.5 13,15+ 13,14+
301.7(4) 9(8) 672.6 370.9 (5), (11-) (5), (9-)
301.8(1) 111(13) 2309.6 2007.8 8,16+ 8,15+
305.1(3) 31(7) 2921.9 2616.8 8,18+ 8,17+
307.1(1) 97(11) 2616.8 2309.6 8,17+ 8,16+
307.2(6) 62(6) 2075.0 1767.8 (7), (16+) (7), (16+)
307.4(2) 69(24) 3014.1 2706.7 16,20+ 16,19+
307.8(3) 90(31) 1387.0 1079.8 (5), (14 ) (5), (13-)
310.9(2) 1 0 (2 ) 3861.4 3550.5 9,22- 9,21-
311.0(4) 1 0 0 (1 0) 595.4 284.4 9,11- 9 ,9-
311.0(2) 62(22) 2356.2 2045.2 15,17- 15,16-
312.1(3) 29(9) 3234.0 2921.9 8,19+ 8,18+
316.9(2) 35(13) 2205.0 1888.1 9,17- 9,16-
317.7(4) 3(2) 3369.1 3051.4 (19), (19-) 18,18+
317.9(1) 65 (20) 2693.3 2375.4 (7), (18+) (7), (17+)
319.6(5) 7(4) 4524.4 4204.8 9,24- 9,23-
0.69(7)
0.99(5)
0.77(8)
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TABLE 4.1
Continued
Ey Ef Ef
[keV] [keV] [keV]
323.8(3) 69(24) 3337.9 3014.1 16,21+ 16,20+ 0.90(12)
(324.5) (2) w* 2472.6 2148.1 13,16+ 13,14+
325.1(3) 76(30) 3327.5 3002.4 14,20- 14,19-
327.1(2) 62(10) 2683.3 2356.2 15,18- 15,17- 1.14(14)
327.3(1) 33(7) 2532.3 2205.0 9,18- 9,17- 0.79(16)
331.9(8) 65(7) 495.0 163.0 7,10+ 7,8+
333.3(1) 65(15) 696.2 362.9 (4), (11+) (4), (9+) 1.01(7)
336.9(6) 23(8) 3209.0 2872.1 9,20- 9,19-
339.8(2) 23(4) 2872.1 2532.3 9,19- 9,18- 0.79(16)
340.9(2) 42(22) 3668.4 3327.5 14,21- 14,20“
341.0(8) 88(32) 3678.9 3337.9 16,22+ 16,21+ 0.82(11)
341.5(1) 32(5) 3550.5 3209.0 9,21- 9,20-
342.0(4) 1 0 (2 ) 4204.8 3861.4 2 0 , 2 0 - 17,17+
343.4(6) 24(9) 4181.6 3837.8 9,23- 9,22-
352.6(2) 21(5) 715.5 362.9 (7), (11+) (4), (9+)
356.6(2) 62(25) 4025.0 3668.4 14,22- 14,21-
357.8(2) 38(22) 4036.7 3678.9 16,23+ 16,22+ 1.31(33)
(363.0) (2) w* 4887.4 4524.4 9,25- 9,24-
366.3(3) 23(12) 4391.3 4025.0 14,23- 14,22-
374.0(1) 48(13) 4269.3 3895.3 (22), (23+) (22), (22+) 0.94(9)
375.8(1) 142(28) 902.4 526.6 (5), (12-) (5), (10-)
375.8(1) 70(5) 4412.5 4036.7 16,24+ 16,23+ 1 .0 2 (2 )
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TABLE 4.1 
Continued
Ey El Ef
[keV] [keV] [keV]
380.0(4) 41(8) 3851.3 3471.3 21,22- 2 1 , 2 1 -
381.9(1) 30(11) 4651.2 4269.3 (22), (24+) (22), (23+) 1.08(18)
382.4(1) 174(30) 905.5 523.1 (4), (12+) (4), (10+) 1.09(5)
(382.5)(3) 74(25) 1969.2 1586.3 (5), (16-) (5), (15-)
383.7(6) 20(7) 696.2 312.4 (4), (11+) (7), (9+)
386.7(6) 69(7) 805.3 418.7 9,12- 9,10- 1.34(8)
388.7(2) 15(6) 5039.9 4651.2 (22), (25+) (22), (24+)
389.5(4) 67(10) 4802.0 4412.5 16,25+ 16,24+
389.5(2) 19(12) 4240.8 3851.0 21,23- 2 1 , 2 2 -
395.7(3) 11(5) 5435.6 5039.9 (2 2 ), (26+) (22), (25+)
396.6(1) 36(19) 4637.5 4240.8 21,24- 21,23- 1.12(17)
402.5(6) 6(4) 5838.1 5435.6 (22), (27+) (2 2 ), (26+)
403.4(2) 38(7) 715.5 312.5 (7), (11+) (7), (9+)
404.2(2) w* 5206.2 4802.0 16,26+ 16,25+
407.2(2) 100(10) 1079.8 672.6 (5), (13-) (5), (11-)
407.2(3) 4.0(2) 5455.2 5047.9 21,26- 21,25-
410.5(2) 45(8) 895.3 481.4 (4), (12-) (7), (10+)
410.5(5) 45(20) 5047.9 4637.5 21,25- 21,24-
411.7(4) w* 6249.8 5838.1 (2 2 ), (28+) (22), (27+)
416.3(1) 54(11) 1131.8 715.4 (4), (13+) (7), (11+)
416.6(4) 198(15) 1566.3 1149.6 13,13+ 8,12+
423.7(2) w* 6673.5 6249.8 (22), (29+) (2 2 ), (28+)
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TA BLE 4.1  
Continued
Ey 7“ El E f K , I f K , I J HdcO
[keV] [keV] [keV]
424.0(2) 107(11) 3895.3 3471.3 (2 2 ), (2 2 +) (2 1 ), (2 1 - )
435.6(1) 102(23) 1131.8 696.2 (4), (13+) (4), (11+) 1.01(5)
437.0(4) 45(16) 642.3 205.3 8 , 1 0+ 8 , 8 +
447.3(4) 1 2 1 (1 1 ) 1042.7 595.4 9,13- 9,11- 1.39(8)
454.1(6) 55(17) 949.1 495.0 (7), (12+) (7), (10+) 1.30(18)
456.8(6) 118(10) 3471.3 3014.1 2 1 , 2 1 - 16,20+
460.6(2) 46(21) 2160.9 1700.4 14,16- 14,14- 1 .1 1 (8 )
473.6(6) 138(32) 1379.1 905.5 (4), (14+) (4), (12+) 0.99(5)
474.3(8) 163(19) 8 8 8 .2 413.9 8 , 1 1 + 8,9+ 1.17(5)
484.6(1) 283(63) 1387.0 902.4 (5), (14-) (5), (12-)
489.2(2) 55(10) 1204.6 715.5 (7), (13+) (7), (11+)
491.7(5) 18(19) 2420.4 1929.5 14,17- 14,15- 0.81(8)
498.6(4) 117(11) 1303.9 805.3 9,14- 9,12-
506.5(2) 158(44) 1586.3 1079.8 (5), (15-) (5), (13-)
507.4(3) 92(22) 1149.6 642.3 8 , 1 2+ 8 , 1 0+
508.4(2) 8 (2 ) 1204.6 696.2 (7), (13+) (4), (11+)
511.3(1) 72(17) 1643.1 1131.8 (4), (15+) (4), (13+) 0.99(5)
523.5(1) 60(9) 1566.3 1042.7 13,13+ 9,13-
532.7(2) 51(10) 1481.9 949.1 (7), (14+) (7), (12+)
536.6(2) 66(13) 1424.8 8 8 8 .2 8,13+ 8 , 1 1+
539.7(3) 40(22) 2415.5 1875.7 16,18+ 16,16+ 1.25(16)
544.3(4) 128(10) 1587.0 1042.7 9,15- 9,13-
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TA BLE 4.1
Continued
Ey 7“ El E f K , I f K , I J HdcO
[keV] [keV] [keV]
547.3(1) 95(24) 1926.4 1379.1 (4), (16+) (4), (14+)
548.2(1) 26(21) 2710.3 2160.9 14,18- 14,16- 1.06(13)
562.3(3) 38(13) 1712.0 1149.6 8,14+ 8 , 1 2+
563.2(2) 73(4) 1767.8 1204.6 (7), (15+) (7), (13+)
567.0(3) 28(16) 2706.7 2139.6 16,19+ 16,17+ 1.18(25)
579.4(2) 52(16) 2222.5 1643.1 (4), (17+) (4), (15+)
581.5(1) 46(19) 3002.4 2420.4 14,19- 14,17- 1.39(44)
(581.8)(2) w* 2148.1 1566.3 13,15+ 13,13+ 0.79(18)
583.0(3) 67(16) 2007.8 1424.8 8,15+ 8,13+
582.2(4) 96(53) 1969.2 1387.0 (5), (16-) (5). (14-) 1.38(19)
584.2(1) 89(13) 1888.1 1303.9 9,16- 9,14-
593.2(3) 47(11) 2075.0 1481.9 (7), (16+) (7), (14+) 1.37(17)
597.7(4) 80(20) 2309.6 1712.0 8,16+ 8,14+
599.7(3) 64(33) 3014.1 2415.5 16,20+ 16,18+ 0.92(22)
600.2(2) 155(61) 2186.5 1586.3 (5), (17-) (5), (15-)
601.0(2) w* 2356.2 1755.2 15,17- 15,15-
607.6(6) 107(13) 2375.4 1767.8 (7), (17+) (7), (15+) 1.25(18)
609.0(1) 167(22) 2616.8 2007.8 8,17+ 8,15+
610.6(2) 83(28) 2537.0 1926.4 (4), (18+) (4), (16+)
612.2(2) 123(18) 2921.9 2309.6 8,18+ 8,16+
616.9(4) 40(33) 3327.5 2710.3 14,20- 14,18- 1.24(16)
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TA BLE 4.1  
Continued
Ey Py E\ Ef K , I ]  m ,co
[keV] [keV] [keV]
(617.2) (1) 158(21) 3234.0 2616.8 8,19+ 8,17+
618.2(2) w* 2693.3 2075.0 7,18+ 7,16+
618.3(8) 97(10) 2205.0 1587.0 9,17“ 9,15-
(626.1)(2) w* 2472.6 1846.5 13,16+ 13,14+
631.9(5) 50(47) 3337.9 2706.7 16,21+ 16,19+ 0.85(18)
638.1(1) 28(11) 2683.3 2045.2 15,18- 15,16-
638.2(2) 39(15) 2860.7 2222.5 (4), (19+) (4), (17+)
644.5(6) 70(7) 2532.3 1888.1 9,18- 9,16-
651.6(6) 23(4) 3861.4 3209.0 9,22- 9,20-
654.8(2) 21(4) 4204.8 3550.5 9,23- 9,21-
663.0(4) 20(9) 4524.4 3861.4 9,24- 9,22-
664.1(2) 49(29) 2633.3 1969.2 (5), (18-) 5, (16-)
665.5(1) 74(34) 3678.9 3014.1 16,22+ 16,20+ 1.02(18)
665.9(2) 69(20) 3202.9 2537.0 (4), (20+) (4), (18+)
666.0 (4) w* 3668.4 3002.4 14,21- 14,19- 1.18(7)
667.1(1) 62(7) 2872.1 2205.0 9,19- 9,17-
676.9(4) 45(8) 3209.0 2532.3 9,20- 9,18-
678.1(1) 169(23) 1566.3 8 8 8 .2 13,13+ 8 , 1 1+
679.3(2) 44(5) 3550.5 2872.1 9,21- 9,19-
681.2(3) 55(33) 2867.7 2186.5 (5). (19-) 5,(17-)
682.6(4) 10(4) 4887.4 4204.8 9,25- 9,23-
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TABLE 4.1 
Continued
Ey Py E\ E f
[keV] [keV] [keV]
689.1(2) w* 3549.8 2860.7 (4), (21+) (4), (19+) 0.97(5)
696.5(1) 48(33) 4025.0 3327.5 14,22- 14,20- 1.24(12)
698.7(2) w* 4036.7 3337.9 16,23+ 16,21+ 0.94(16)
707.6(6) 2 2 (1 0 ) 3910.5 3202.9 (4), (22+) (4), (20+)
(720.0) (2) w* 3353.3 2633.3 (5), (20-) (5), (18-)
724.1(5) 56(28) 4391.3 3668.4 14,23- 14,21- 1.08(25)
731.8(2) w* 4412.5 3678.9 16,24+ 16,22+ 0.98(17)
732.7(5) 2 0 (1 0 ) 4643.2 3910.5 (4), (24+) (4), (22+) 0.98(17)
748.4(2) w* 3616.1 2867.7 (5), (21-) (5), (19-)
750.1(2) w* 4299.9 3549.8 (4), (23+) (4), (21+)
756.1(3) 7(4) 4651.2 3895.3 22,24+ 2 2 , 2 2 +
761.0(1) 38(5) 1566.3 805.3 13,13+ 9,12-
764.2(2) w* 4802.0 4036.7 16,25+ 16,23+
768.3(5) 1 2 (1 0) 4240.8 3471.3 21,23- 2 1 , 2 1 -
771.2(4) 7(4) 5039.9 4269.3 (2 2 ), (26+) (22), (23+)
784.2(4) 7(3) 5435.6 4651.2 (2 2 ), (26+) (22), (24+)
786.8(3) 7(5) 4637.5 3851.3 21,24- 2 1 , 2 2 -
794.1(2) w* 5206.2 4412.5 16,26+ 16,24+
(796.0)(2) w* 4412.1 3616.1 (5), (23-) (5), (21-)
797.7(3) 8(4) 5838.1 5039.9 (22), (27+) (22), (25+)
799.2(4) 4(3) 5047.9 4240.8 21,25- 21,23-
(802.7) (2) w* 5102.6 4299.9 (4), (25+) (4), (23+)
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TABLE 4.1
Continued
Ey Py E\ Ef K K, IJ  I^DCO
[keV] [keV] [keV]
807.8(6) . 19.0(7) 1403.2 595.4 (1 2 ) (1 2 -) 9,11-
809.2(4) 4.0(3) 5455.2 4637.5 21 26- 21,24-
813.5(6) 6 .0 (2 ) 6249.8 5435.6 (2 2 ) (28+) (2 2 ), (26+)
835.6(6) 3.0(2) 6673.5 5838.1 (2 2 ) (29+) (22), (27+)
895.3(8) 8 .0 (6 ) 1700.4 805.3 14 14- 9,12-
912.2(3) 13.0(3) 3051.4 2139.6 18 18+ 16,17+
929.0(2) 15.0(2) 3068.6 2139.6 17 17+ 16,17+
984.5(1) 87.0(13) 1403.2 418.7 (1 2 ) (1 2 -) 9,10-
985.3(2) 13.0(3) 3124.9 2139.6 18 18+ 16,17+
1074.4(3) 23.0(10) 1669.7 595.4 (13) (13-) 9,11-
1164.1(3) 7.0(2) 3369.1 2205.0 19 19- 9,17-
1175.8(1) 48.0(16) 3051.4 1875.7 18 18+ 16,16+
1192.9(2) 15.0(20) 3068.6 1875.7 17 17+ 16,16+
1249.2(1) 41.0(10) 3124.9 1875.7 18 18+ 16,16+
“ All intensities of 7 -transitions are normalized arbitrary.
 ^All energies of levels are relative to the (5+) band head.
® The DCO ratios for the A= 1  transitions correspond to generally mixed (M l/E 2 )
multipolarities.
w* 7 -ray intensity is weak.
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TA BLE 4.2
Conversion coefficients for selected transitions in
Shell (Xexp ^theo Multipolarity
77.5 T 8.3(3) Ml: 11.432 Ml
141.4 T 1.9(2) Ml: 2.01 Ml
176.8 L 0.336(45) Ml: 0.141 
E2 : 0.119
Ml
208.6 L 0.042(83) Ml: 0.0885 Ml
M 0.118(14) Ml: 0.0203
228.4 K 0.379(32) Ml: 0.433 Ml
245.9 K 0.231(18) Ml: 0.353 Ml
261.8 K 0.267(21) Ml: 0.299 Ml
L 0.037(6) Ml: 0.0473
263.9 K 0.194(19) Ml: 0.292 Ml
L 0.037(6) Ml: 0.0462
275.9 K
M
0.1899(23)
0.014(5)
Ml: 0.258 Ml
285.9 K 0.077(10) E2: 0.0661 E2
L 0.010(3) E2: 0.0280
301.0 L 0.055(11) Ml: 0.0322 Ml
307.6 K 0.107(11) Ml: 0.194 
E2: 0.0548
Ml
L 0.2996(10) Ml: 0.0305 
E2 : 0.0213
M 0.014(4) Ml: 0.00698
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TABLE 4.2
Continued
Shell ^exp t^heo Multipolarity
416.6 K 0.054(5) Ml; 0.0857 Ml
E2: 0.0256
L 0.006(2) Ml:
E2:
0.0134
0.00733
M 0.002(1) Ml:
E2:
0.00306
0.00177
447.3 K 0.023(10) E2: 0.0215 E2
L 0.057(16) E2: 0.0058
M 0.0198(10) E2: 0.0014
456.8 K 0.0084(10) El: 0.00759 E l
E2: 0.02060
L 0.0075(12) El: 0.00115
474.3 K 0.026(6) E2: 0.0188 E2
507.2 K 0.0197(3) E2: 0.0181 E2
L 0.005(2) E2: 0.00392
599.7 K 0.012(2) E2: 0.0112 E2
678.1 K 0.008(1) E2: 0.00855 E2
L 0.001(1) E2: 0.00173
1175.8 K 0.003(1) E2: 0.00287 E2
1192.9 K 0.005(2) Ml: 0.00593 Ml
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Figure 4.3: Spectra for the 7  rays (top) and electrons (bottom) in the wide range 
of the magnetic field. The electron spectrum has been shifted so that the K-shell 
transitions in ^^^Re align with the corresponding 7 -ray. Most transitions in figure 
4.3 were identified as being part of either ^^^Re, ^®^ Re [42], ^^^Re [43], and ^^^Ta 
[44]. A transition, from ^^^Lu was also seen. It is the 353.0 keV transition that 
depopulates an isomer of r —2.1 fis in ^^ ®Lu (5/2~ level) [45]. Another transition 
energy of 399.0 keV is highlighted in the gamma spectrum, however its identity 
is still ambiguous.
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Figure 4.4: Spectra showing the j  rays (top) and electrons (bottom) in the narrow 
range of the magnetic field. The electron spectrum has been shifted so that the 
K-shell transitions in ®^®Re align with the corresponding 7 -ray.
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4.2 Tw o-quasiparticle Bands
Band 1 was previously identified [11] up to an excitation energy of 3438.7 keV and 
spin 21“ for the a — 1 signature (lb), and 1702.9 keV, 1=16“ , for the a  =  0 (la) 
(for a definition of the signature quantum number a  see section 6.5 in chapter 
6). The band deexcitation, however, was not established. In ref.[11], this band 
was considered as being part of ^^ ®Re merely on the basis that this band did 
not show up fully in either of the neighbouring isotopes of ^®°Re when studied, 
namely ^®^ Re [42] and ^^ ®Re [43], although the strongest transitions from this band 
were superimposed by 7 -rays emitted from both isotopes. In our work we have 
established that band 1 is indeed part of ®^®Re and as in ref. [1 1 ] we have assigned 
the band head an F = (7 “ ) spin. The transition found depopulating this band is 
the 132.0 keV that feeds directly into band 2 at 45.8 keV. This transition, which 
lies close in energy to the 134 keV peak, a triplet 7 -ray in ®^®Re, was observed in 
prompt coincidence with strongly populated transitions in band 1 (see figure 4.5). 
This figure was made by setting a gate on the 155.7 keV transition in prompt 
coincidence to show transitions in the same cascade. The 132.0 keV line is clearly 
observed. Its presence in this prompt gate is an indication that the band head 
of band 1 is not long lived as was implied in ref. [11]. Figure 4.5 also depicts the 
presence of a 324.1 keV transition which was also seen in ref. [11] in coincidence 
with transitions in band 1 but could not be placed. This transition could not be 
placed also in the current work, although it is assigned to ®^®Re.
Band 2  and band 3 were also reported in ref. [11]. These two structures are 
connected by strong interband transitions which can be seen in more than one 
gate in the prompt-prompt coincidence spectra. Figure 4.6 shows explicitly these 
interband transitions, namely the 2 0 1 .2  keV, 2 1 0 .6  keV, 383.7 keV, 410.5 keV, 
and the 416.3 keV, in coincidence with the 149.5 keV, a transition in band 3 . 
The observation of the interband transitions between the two bands helped in 
determining the energy and spin difierences between both bands. Band 3 was
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Figure 4.5: In beam 7 - 7  coincidence spectrum gating at the 156-keV transition 
to highlight the 132-lceV transition in coincidence with it.
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reported in ref. [11] to have a 3“ band head and to deexcite via an unobserved 25 
keV transition into 1~ level. This clearly conflicts with our interpretation, built 
on band 4 and 11 assignments of Jain et al. [46]. Band 2 decays at this level via 
a 77.5 keV transition. In the present work, we have established the existence of 
a 45.8 keV transition reported in ref.[7] (but not placed in their level scheme), 
to be the lowest level observed in the sequence of band 2 , lying directly below 
the 77.5 keV transition (see figure 4.7). The 25.0 keV transition inferred but not 
seen [1 1 ], is confirmed in the present work to be a link between band 2  and band 
3. Its non-observation as a 7 -ray transition is not surprising since an Ml, 25 keV 
transition has a conversion coefficient of { cxtot— 55.0).
Band 2  starts to decouple at spin 1 0 + where the AI—1 transitions are dominated 
by the stretched E2 decays. In band 3 on the other hand, the mixed dipole- 
quadrupole transitions are more intense than the stretched E2 transitions. The 
CK =  0 (2a) sequence of band 2 is extended up to spin (25+), while the a; =  1 (2b) 
sequence is identified up to spin (24+). Erom band 3, three interband transitions 
have been observed, namely the 352.6 keV, the 508.4 keV, and the 252.9 keV 
transitions at F=(13+), F = ( l l+ )  and F = ( 1 2 +) respectively. The interband 
transitions in both bands 2 and 3 were used to calculate the interaction strength 
between the two bands (see section 6.3 for more details).
Band 4 was populated up to spin 19+ at E=3234.0 keV. The band head 
reported in ref.[1 1] was based on a spin assignment of 6 “ and not the 8+ state 
as found by Jain et al. [46]. This band decays via two transitions, at 42.4 keV 
and the 134.5 keV, into band 3. This band is also populated by three observed 
transitions depopulating the 13+ isomeric state at 1566.3 keV.
Band 11 seen in ref.[11] was also populated in our experiment. The band head 
spin is 9~, based on Jain et al. [46], and the band extends up to spin 25“ . The 
band head of band 11 is isomeric. It has a measured mean life of 109 ±  2 ns (see 
figure 4.8). The isomeric half-life was reported in [7] as 78 ns (r=  1 1 2  ns) and in 
[11] as 73 ±  3 ns (r=  105 ±  2  ns). The value measured in the current work is in
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Figure 4.6: In beam x - j  coincidence spectrum showing the interband transitions 
from band 2 to band 3 gating at 150 keV in band 3 in the X-ray detectors.
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Figure 4.7: In beam 7 -x coincidence spectrum gating at 92 keV of band 3 in the 
7 -ray detector to highlight the 46-keV transition in the X-ray detector.
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good agreement with both previous studies.
Previously unreported excited states are found to decay into band 11. One 
state at an excitation energy of 1669.8 keV with F=(13~)decays via a 1074.4 
keV transition to the 595.4 keV, F = l l “ level. The F=(13~) assignment is 
implied because, when gating on the 1074.4-keV transition in 7 - 7  prompt, we 
see transitions above the 1755.2 keV, F = 1 5 “' level, which implies an unobserved 
85-keV transition between F = 1 5 “ level and the state in question.
-700 -600 -300 -200 -100 1000
time [ns]
Figure 4.8: Summed time difference spectrum across the 284.4-keV level in ^®°Re. 
The fit is based on the convolution of Gaussian prompt peak shape with an 
exponential decay. The uncertainty is obtained from analysis.
4.3 Four-qucisiparticle Bands
Four bands which support the configuration of 4-quasiparticle states have been 
populated in ^®°Re. These four bands were reported in ref. [1 1 ], however they 
were not extended to high spin, with the exception of band 8 which was observed 
up to spin 20“ and an excitation energy of 4676 keV. The four bands decay 
mainly via the 13+ isomeric level, the band-head of band 5, into both bands 4 
and 11. Band 5, which is based on a 4-quasiparticle isomer with a mean-life
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of 107(2)ns (see figure 4.9), is very weakly populated in the current work. The 
isomer measured in our work was previously identified in both refs. [7, 11]. Band 
5 has been extended up to spin 16+ and found to decay via seven routes into 
bands 4 and 11. The multipolarities of some of the depopulating transitions of 
this band are listed in table 4.2. The conversion coefficient of the 678.1 keV 
transition of (o:/i-=0.008(l}), which established its E2 nature, was used to decide 
on the spin/parity of this band head being a 13+.
I 10^
263.9,275.9,291.2 2aV(STARI) 416.8 xeV(SIOP)
Meati-life=107 (2) ns
200 300tlma [ns]
Figure 4.9: Summed time difference spectrum across the 1566.3-keV level in 
^®^ Re. The fit is based on the convolution of Gausssian prompt peak shape with 
an exponential decay. The uncertainty is obtained from analysis
Band 6  which in ref. [11] was observed up to spin 16+ at an excitation energy 
of 3543.4 keV is now extended to spin 23 “ and decays via a 134.1 keV transition 
into band 5 and an 895.3 keV transition into band 11. The multipolarity deduced 
from evaluating the intensity balance entering the band-head level of band 6 is 
consistent with the 134.1 keV 7 -ray transition being an El.
Band 7 which was reported in ref. [1 1 ] but not assigned any spin or parity, is 
extended in the current data up to spin 19“ , and assigned a band-head spin of 
15“ . This assignment was based on energetics and the placement of the 54.8-keV
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transition, which was reported in ref. [1 1 ] and tentatively identified as coming 
from an isolated isomeric level. However, the half-life was not measured and the 
band associated with it was not seen. We have now established that band 2 in 
ref. [1 1 ] is associated with the 54.8-keV transition (see figure 4.10). It was not 
possible to establish the half-life of the 54.8 keV transition due to the difficulties 
arising in measuring half-lives of low-energy transitions with coaxial germanium 
detectors. The problem with that is the poor charge collection when the incident 
7 -ray has a low energy. This results in a time walk whereby the low-energy 
events appear to be delayed in time relative to the high energy events and hence 
a poor estimation of the half-lives of levels. A limit of 5ns was set for this level 
using the 7 -x-At cube. An exact half-life could not be determined due to the 
number of counts in this matrix and also the time walk in the detectors. As a 
result, we believe that the isomeric nature attributed to the 15" level in ref. [11] 
is assumed to be due to the higher long-lived isomer at level 2 1 " (see later for 
more details). Pi'om intensity balancing, the 54.8 keV transition has oltoT— 7.12 
±0.62 which strongly suggests an Ml (q!7’oT=5 .4 ) rather than an E2  (aroT=59.4) 
or E l (aroT=0.38) character thereby establishing a band-head state of a 15".
Band 8  was also reported in ref. [11]. This band has two new transitions, 
404.2 keV and 794.1 keV, which extends the structure up to spin 26+. It decays 
to band 7 via a 120.5 keV transition and is based on a 16+ state. The 120.5 keV 
has (cktot=3.4±0.2), which strongly supports an Ml nature (aToT=3.17).
4.4 Six-quasiparticle Bands
Bands 9 and 10 are two new bands assigned to ®^®Re. Band 9 is built on an 
isomeric state which has a measured mean-life of 13(l)^s (see figure 4.11), which 
decays into band 8 via a 456.8 keV transition (see figure 4.10). This band is seen 
up to energy 5455.2 keV and spin 26". The 456.8 transition, which depopulates 
this band, was found to be an E l transition from its conversion coefficient of
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Figure 4.10: 7 - 7  coincidence spectrum in delayed-delayed gating at 134-keV tran­
sition, showing the 54.8-keV and 456.8-keV transitions.
CHAPTER 4. EXPERIMENTAL RESULTS 77
q'/c= 0.0084(10) (see table 4.2). Deducing the nature of the 456.8 keV transition 
was hindered by the fact that ^^^Ta [44], which was significantly populated in 
this experiment, has a 457 keV transition which decays through an isomeric level 
of a comparable mean-life of 8.6 ±3 /is to the 456.8 keV in ^®^ Re. The electron 
spectrum was unfolded to separate both the ^^^Re and "^^ T^a K-conversion lines 
from each other (see figure 4.14).
Band 10 is populated up to spin 29+ and feeds into the 13(l)/iS isomer state 
via a 424.0 keV transition (see figure 4.15). No interband transitions have been 
seen between band 9 and band 10.
The 6-quasiparticle isomer decays through 2 other routes. One is to an excited 
state of an energy 3408.4 via a 62.9 keV transition. This transition could not be 
separated from the 60.1 keV K^i X-ray energy of ^®°Re. The other decay route is 
via a 102.2 keV transition to an excited state of 3369.1 keV which decays in turn 
via the 1164.1 keV transition that goes into the 1=17“ state of band 11. The
1164.1 keV transition seems to have a half-live of 13)US when measured using the 
BG matrix, which implies that the tentatively assigned 19“ level is not isomeric.
A 20+ state at 3408.4 keV is seen where the 62.9 keV transition de-exiting the 
21“ isomer decays into. This state deexcites via a 285.7 keV transition to another 
state at 3122.4 keV of a tentative (18+) spin and parity which subsequently decays 
via a 929.0 keV transition to the 1=17+ level, and a 1246.7 keV transition to 
1=16+ in band 8. Another state was populated at an energy of 3068.6 keV that 
decays into band 8 as well. One of the transitions has a probable M l nature (the 
1192.9 keV). Since the 929.0 keV decays from the same level as the 1192.9 and 
decays into an 1=17+ state, it was assigned as an Ml.
A 1164.1 keV transition depopulates the 3369.1 keV level populated by the 102.2 
keV from the 13(l)^s isomer state, and feeds into 17 “ level of band 11. The
3369.1 keV level also deexcites via 317.7 keV transition into an 18+ state which in 
turn decays into band 8 via two routes at 1=16+ and 1=17+. The two transitions 
are the 1175.8 keV and 912.2 keV respectively. The 1175.8 keV has a conversion
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coefficient qualifying it as an E2 transition, requiring the 912.2 keV to have an 
Ml assignment. The 1164.1 keV, 929 keV, and 1246.7 keV transitions were seen 
in delayed spectra (see figure 4.2).
4.5 Conversion Coeflflcients
Spectra for the conversion coefficient measurements are shown in figures 4.3 and
4.4 and the results are listed in table 4.2. Both figures are shown with the 
equivalent region in the 7 -ray spectrum. The principal lines in both figures are 
all identified, except for one (399 keV), with established transitions belonging 
either ^®°Re, ^®^ Re, or ^^^Ta.
The 456.8 keV 7 -ray transitions from ^®°Re and ’^’^ Ta lie on top of each other 
in the 7 -ray spectra for both regions of the magnetic field. This superposition 
of double 7 -ray peaks makes the process of deconvoluting both peaks a difficult 
task. However, the situation is not the same when considering the electron spec­
trum. When the electron binding energies for the different Z nuclei are taken 
into account, the separation of 7 -ray double peaks becomes obvious. Fig 4.14 
shows the region of the 456.8 keV lines for both nuclei. It also shows the fit and 
decomposition of both peaks into individual electron conversion lines. Electron 
and 7 -ray intensities were obtained by fitting of standard line shapes. The 456.8 
keV K-line in ®^®Re is clearly defined although overlapped partially by the 457.0 
keV K-line in "^^ T^a, in agreement with an E l value of cKj^=0.0076 to ^®°Re.
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Figure 4.11: Summed time spectrum for transitions fed through the 3471.3-keV 
level in ^®^ Re. Most of the prompt events have been vetoed in hardware, but a 
small prompt spike remains.
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transition.
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Figure 4.14: The electron spectrum for the narrow magnetic field region of elec­
trons showing fits of the 457-keV line in both ^®°Re and nuclei.
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Figure 4.15: 7 - 7  coincidence spectra gated on the 424-keV transition in the 
prompt-prompt matrix showing band 1 0 .
Chapter 5 
Intrinsic S tates and Band  
A ssignm ents
In this chapter, band configurations are presented and justified on the basis of 
the proposed band head spin and parity, the in-band decay properties, and align­
ments. BBCS (Blocked BCS) [47] and PES (Potential Energy Surface) calcula­
tions [48], which will be discussed in the following chapter, were also used as a 
tool to validate the assigned configurations. In the calculations of the \gK-9 B\/Q{i 
ratio, the Nilsson model was employed. For all bands in ^®°Re, the intrinsic 
quadrupole moment used in conjunction with the model was Qo =  5.6±0.5 e.b, 
and a gyromagnetic ratio of gji — 0.30±0.05 taken from [49, 50]. The tables 
of configurations presented in this chapter for each band, have three calculated 
energies listed in them. The first, with the superscript ‘a’ denotes the calculated 
energies for band heads using the method of Jain et al. [47] where no residual in­
teraction is included. In the second calculated energy, the superscript ‘b’, residual 
interactions are included [31] and the third energy, superscript ‘c’, is calculated 
using the method of Xu et al. [48]. The following sections begin with Band 11, 
=  9", followed by band 4, =  8+, since these have been the most reliably
established from previous work, based on the analysis of Jain et al. [46]. The 
other bands are presented in their numerical order. Figure 5.1 shows a plot of
84
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the quasi-particle alignment versus frequency for all bands identified in
5.1 Two-quasiparticle States
5.1.1 B and 11,
In ref. [11], this band was considered to have from the 1^9/2+[624] (g)7r5/2+
[402] Nilsson configuration, while in ref. [7], it was considered as an admixed state 
of z/7/2+[633]®7T9/2-[514], and K’^ =9", 1/9/2+[624]07r9/2~[514]. In our
calculations, we have found two possible configurations which could be assigned 
to this band,
z/9/2+[624]®7r9/2-[514],
or
z/7/2+[633](8)7r9/2-[514].
The in-band branching ratios obtained for both configurations yielded similar 
values for the g-factor ratios. Assuming the band head spin is 9“ (first configu­
ration), the weighted average g-factor ratio, =  0.037(1) (eb)~^, while the
calculated g-factor, using the asymptotic quantum numbers of the Nilsson model, 
gives a g-factor ratio of 0.036(9)(eb)"^. If, however, a band head spin of 8" is 
assumed, the experimental and the calculated g-factor ratio are 0.044(8) (eb)”  ^
and 0.047(9) (eb)"^ respectively. In the current work, the K^=9“ configuration 
is preferred for band 11. This assignment is based on the identification of the 
1/9/2+[624] orbital in the neigbouring isotones [51, 17] and ^®^ 0s [42]. Also 
the calculated excitation energy of the band head of this band using both the 
methods of Jain et al. [47], and Xu et al. [48] supports the K^=9“ configuration. 
Table 5.1 shows details of energies for both the K’^ =9“ and K^=8" configura­
tions, and figure 5.2 shows the g-factor plot for the K^=9" configuration which is 
in good agreement with the theoretical predictions for the state under study. It is
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Figure 5.1: Experimental deduced quasi-particle aligned angular momentum 
as a function of rotational frequency for the 2-quasiparticle (top) and 4-,6- 
quasiparticle bands (bottom) in ^®°Re. The parameters of the Harris expansion 
of the reference band are ^o=24.1 MeV~^h^ and 3^2=91.1 MeV~^h^.
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notable that Jain et al.[46] came, after detailed analysis, to the same conclusion 
about the configuration of this band.
The quasi-particle alignment plot of band 11 shows a backbend at a frequency 
of 0.3 M eV, which, in this mass region, is understood to be due to the alignment 
of a pair of neutrons along the rotational axis of the nucleus. The alignment 
gain of about 8h is a characteristic feature. Figure 5.1 shows the alignment for 
band 11 with ia,=3.5 h at fioj O.lMeV.
Table 5,1: Configurations of Band 11
K^ r Configuration Energy (keV)
Expt. Calc.P Calc.P Calc.IP
9“ i/9/2+[624]®7t9/2-[514] 284 382 311 190
8- z/7/2+[633]®7T9/2-[514] 518 447 340
® Calculated using the method of Jain et al. [47]. No residual interaction is in­
cluded.  ^ Residual interaction is included [31].  ^ Calculated using the method of 
Xu et al. [48].
5.1.2 B and  4, K ^=8+
Two possible configurations were found for band 4, they are:
or
i/7 /2“ [514](8)7r9/2-[514].
i/9/2+[624]®7r7/2+[404].
This band was assigned K^=6 ,^7 /2  [514](g)7r5/2+[402] in ref. [11] and considered 
to be the ground state band with K^=8+, t/7/2" [514]®7r9/2"[514] in ref.[7]. From
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Figure 5.2: Experimental and theoretical \gK-9R\/Qo values in (eb)“  ^ for K=9~ 
band in ^^°Re. The red lines are the upper and lower limits of \gK-9 R\/Qo calcu­
lated using equation 2.29.
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the energetics point of view, the current work is in agreement with ref. [7] and thus 
band 4 is assigned as built on an 8+ state (see table 5.2 for details). The average 
g-factor ratio calculated from the branching ratios up to spin 16+ for this band 
is 0.075(5)(eb)“ ,^ while the theoretical ratio is 0.098(10)(eb)"^ (see figure 5.3). 
Figure 5.3 shows a discrepancy in the g-factor value between experiment and 
theory at higher spins. This might be caused by the mixing taking place between 
band 4 and band 3. Furthermore it might be due to the high-spin alignment 
evident in figure 5.1 which is expected to be due a pair neutrons. Since the 
1/7^[514] orbital involved in the configuration is not strongly Coriolis mixed, the 
aligned angular momentum of this band at low frequency is expected to be small. 
This is seen clearly in figure 5.1 where = 2% at Huj ^  0.1 M e V . The alignment 
of this band shows an intial upbend below hcj % of 0.3 MeV, which is typical 
of the 9 /2“ [514] orbital [29]. However a complete alignment was not observed 
due to the lack of data on the higher spin state for this band. It is notable that 
Jain et al. [46], come after detailed analysis, to the same conclusion about the 
configuration of this band.
Table 5.2: Configurations of Band 4
Configuration Energy (keV)
Expt. Calc.P Calc.P’^  Calc.IP
8+ Z/7/2- [514]07r9/2- [514] 
z/9/2+[624]®7r7/2+[404]
205 167 217 80 
606 670
® Calculated using the method of Jain et al.[47). No residual interaction is in­
cluded.  ^ Residual interaction is included [31].  ^ Calculated using the method of 
Xu et al. [48].
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Figure 5.3: Experimental and theoretical \gK-9 R\/Qo values in (eb)~^ for K=8+ 
band in ^®°Re. The red lines are the upper and lower limits of \gK-9 R\/Qo calcu­
lated using equation 2.29.
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5.1.3 B and 1, K ^ = { b ~ )
This band is thought to have an admixed configuration of:
i/9/2+[624](8)7rl/2-[541],
and
z/7/2+[633](g)7rl/2-[541].
In both configurations, the coupling involves the 1/2“ [541] proton, which read­
ily aligns with the rotation axis and the neutron which also tends to decouple 
and change orbitals within the same shell. Both orbitals involved in the con­
figurations are high-j orbitals which will be strongly affected at high spins by 
the Coriolis interaction, and thus will produce a large alignment along the ro­
tational axis. Figure 5.1, shows the alignment of this band is the largest of the 
2-quasiparticle bands in ^®°Re, with about 5H a± Hu ^  0.1 M eV.  Similar large 
alignment and signature splitting are also seen in the mixed band of ^®^0s [42, 52]. 
The alignment seen for this band is rather flat and the rotational frequency goes 
up to 0.3 MeV, A delay in the frequency of the backbending due to the im 
neutrons in bands based on the 1/2“ [541] h | proton orbital with respect to the 
alignment of the even-even neighbouring nuclei has been previously reported [29]. 
Three g-factor plots are presented for this band. Figure 5.4 shows a plot of the 
g-factor using the Nilsson asymptotic quantum numbers for the theoretical value. 
A discrepancy between the experimental values and the theoretical limits can be 
seen clearly, with the theoretical limits obviously higher than the experimental 
values. Using the experimental value for the z/9/2+[624] and z^7/2+[633] of the 
orbital, pfc=0.08 [17] allows for rotational alignment effects. Figure 5.5 shows 
plots for both K=4“ and K=5“ and better agreement using ^jc=0.08 value with 
experimental data is achieved.
This band was not seen in ref. [7], but it was populated in ref. [11] and assigned 
z/7/2+ [633]®7T 1 /2 “ [541]. Other configurations shown in table 5.3 were excluded
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on the basis of in-band g-factor measurements.
Due to the Coriolis mixed nature of the proposed mis and 7r/i| orbitals, the K 
value is not well defined. For convenience, we adopt the label K^=(5“ ). A no­
table feature is that the K value is less than the band head spin, a situation that 
may be associated with the h i  1/2“ [541] proton.
Table 5.3; Configurations of band la-lb
K^ r Configuration Energy (keV)
Expt. Calc.P 'Calc.I^ Calc.IP
5“ Z/9/2+ [624]07rl/2“ [541] 178 468 503 268
z/5 /2“ [512]07t5/2+[4O2] 380 312 267
4“ z^ 7/2“ [514]07t1/2+[411] 654 594
z/1/2-[521]07t7/2+[4O4] 482 443
z/7/2+[633]07t1/2-[541] 482 517 527
“ Calculated using the method of Jain et al. [47], No residual interaction is in­
cluded.  ^ Residual interaction is included [31].  ^ Calculated using the method of 
Xu et al. [48].
5.1 .4  B and 2, K ’^ =(4+)
The in-band, AI=1 transitions for this band are weak, and hence, only a limit on 
the experimental g-factor obtained. A limit on the g-factor ratio of 0.025(3)(eb)“  ^
was found, which agrees with the Nilsson model calculations of % 0.032(eb)“ \  
supporting the K^=4'^ assignment. The configuration assignment for this band 
is z/7/2“ [514]07rl/2“ [541] at an excitation energy of 253 keV. Again, the K value 
is less than the band head spin, and the decoupled 1/2“ [541] proton is involved. 
The alignment of 4h confirms the presence of the 7t1/2“ [541] orbital in the con­
figuration. In ref.[11] this band was assigned as K^=2“ , %/l/2“ [621](Ei7r5/2'^[402],
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while in ref.[7] it was not seen.
5.1.5 B and 3 K ^= (7+)
This band was said to have the singlet part of the z/1/2~[521]07t5/2+[4O2] configu­
ration given to band 2 in ref. [11]. In ref. [7], it was given an admixed configuration 
of K^^=7+ z^9/2+[624] O7r5/2+[402] and K’^ =6+, z/7/2+[633] (2) 7r5/2+[402j. We 
have obtained two configurations for this band at two different energies with 332 
keV energy difference between them. The favoured one, chosen for this band, is 
at an excitation energy of 215 keV. Its configuration is z/9/2+[624] (g) 7t5/2+[402] 
which agrees with one of the states of ref. [7]. The g-factor plot for this config­
uration shows disagreement between experimental data and theory. However, 
when the experimental gj<- value is used for the 9/2+[624] neutron, a much better 
agreement was reached. Two plots are shown for this band in figure 5.6. The 
first is done without taking the experimental value for the orbital and the sec­
ond is with the experimental Pk=0.08 value. The alignment of this band shows 
an upbend at fuo 0.25MeV and has an initial which is typical for the
z^9/2+[624] orbital. A complete alignment was not observed however due to the 
lack of data on the higher spin states of the band.
Table 5.4 summarizes findings related to the 2-quasiparticle bands in ^®^ Re.
5.2 Four-quasiparticle S tates
5.2.1 B an d  5, K ’^ =13+
This state is an isomeric state at 1566.3 keV which has a spin, 1=13" .^ With this 
spin value, this state has to be a 4-quasiparticle state and its excitation energy 
is consistent with the energy required to break a pair in a blocked system. In 
ref. [11], this state was assigned a 3-quasiprotons coupled to 1-quasineutron, u 
7/2"[514]® 7T5/2+ [402]9/2"[614] 1/2"[541], K = ll"  configuration, and in ref.[7] it
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Figure 5.6; \gk~9 R\/Qo value in (eb)“  ^ for K=7+ band in ^®°Re, ^a:=0.08 taken 
from [17] was used in the second plot. The red lines are the upper and lower 
limits of \gK-9 R\/Qo calculated using equation 2.29.
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Table 5.4: Experimental and calculated {gK-gul/Qo values for the 2-quasiparticle 
bands in ^^°Re.
K” Main configuration Iffir-fffll/Qo 
Expt. Calc.’’
ÿ;r=0.08
K =9- i^ 9/2+[624]®7t9/2-[514] 0.037(1) 0.036(9) 0.069(11)
K=8+ j/7/2-[514]®7t9/2-[514] 0.058(3) 0.098(3)
K=7+ î^9/2+[624]®îr5/2+[402] 0.041(2) 0.011(9) 0.049(9)
K=4+ v7/2-[514]®7rl/2-[541] 0.025(3) 0.032(9)
K =5- î/9/2+[624]®7rl/2-[541] 0.054(4) 0.118(1) 0.066(1)
* Calculated values using Nilsson model with parameters as described in the text.
was assigned as p 7/2~[514]9/2+[624] 1/2-[521]<8)7t9/2“ [514], =  13". How­
ever, both of these are inconsistent with our =  13"^  assignment. Our con­
figuration for band 5 is based on, p 7 /2“ [514]9/2+[624]5/2~ [512](8>7t5/2+[402]. 
Transitions depopulating this band were measured in the conversion electron ex­
periment and the multipolarities assigned to them support our band head spin 
assignment for band 5. The 416.6 keV transition which connects the 1=13+ band 
head to 1=12+ in band 4, an intense transition, is found to be an M l, and the
141.4 keV transition between the 1=13+ in band 5 and the 1=13+ in band 4 is 
found to be an Ml as well. The 678.1 keV transition from 1=13+ to 1=11+ was 
found to have an E2 multipolarity. The band itself was wealdy populated and 
assigning it the above configuration was partly based on energetics (see table 
5.5). No g-factor plot could be done for band 5, however, the alignment plot for 
this band shows ix=3h al hw pu 0.1  M eV,  consistent with the involvement of the
ii3 orbital.
2
5.2.2 B and  6, K ’^ =14“
This band is at an excitation energy of 1700.4 keV and assigned a configuration of 
î^7/2“ [514]9/2+[624j 7/2+[633](g)7r5/2+[402]. The 2-quasineutrons present in this
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configuration from the ii^ orbital, give an alignment of % 3.5/i at %oj py 0.1 MeV. 
The alignment plot in figure 5.1, shows that the alignment of band 6 is higher 
than the alignment in band 5 and that in itself suggests the presence of the extra 
ii3 orbital in the configuration. In ref.[11], this band was assigned p 7 /2“ [514]0 
7T 5/2+[402]7/2+[404] 1/2“ [541], with =  10+. The theoretical calculations in 
the current work do not predict any energetically favoured low-lying states with 
=  10+,
5.2.3 B and 7, K ’^ =15"
The proposed configuration of band 7 is, z/7/2"[514]9/2+ [624]5/2"[512]07T 9/2" 
[514]. Another state of a K=15“ is predicted by the BBCS calculations with a 
p 7 /2" [514]9/2+ [624]7/2+[633]®7r7/2+ [404] configuration. The excitation energy 
of the latter structure of 2054 keV, is higher than that predicted of the former 
(1864 keV). Thus on the basis of these, the lower lying K=15“ is preferred as 
the configuration for this band (see table 5.5 for details). This band has the 
orbital in its configuration and hence the relatively large alignment of % ih  at 
hto 0.1 MeV. The deduced g-factor agrees well with theoretical values for this 
band (see figure 5.7). In ref.[11] part of this band was seen but not assigned any 
spin, parity, or configuration. The presence of the 54.8 keV transition as a link 
between band 6 and band 7, and its magnetic dipole assignment (on the basis of 
7 -ray intensities-see previous chapter), aided in assigning this state as 15“ state.
5.2 .4  B and 8,
In ref. [11], this band was assigned a band head spin of 11“ and assigned a config­
uration based on z/9/2+[624] 07r5/2+ [402]7/2+ [404] 1/2“ [541]. Reference [7] as­
signed the state a K=15“ configuration z/7/2“ [514] 5/2“ [512]9/2+[624] <8)7r9/2~ 
[514]. Since band 7 was assigned a K= 15“ configuration, this band is assigned a 
K^=16+, with the 120.5 keV connecting transition having E l character (on the
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basis of the 7 -ray intensity arguments). From the BBCS calculations, an assign­
ment of z77/2“ [514]9/2+[624] 7/2+[633]®7r9/2" [514] is suggested. The presence 
of 2-quasineutrons from the orbital gives a high initial band head alignment 
of % 5H at HcJ % 0.1 M eV  (see figure 5.1). The g-factor ratios, experimental and 
theoretical, are in good agreement (see figure 5.7).
Table 5.5; Configurations of 4-quasiparticle bands
R v r Configuration Energy (keV)
V 7T Expt. Calc.P 'Calc.P Calc.IP
13+ 7/2“ [514] 9/2+[624] 5/2“ [512] 5/2+[402] 1566 1566 1548 1560
14“ 7/2“ [514] 9/2+[624] 7/2+[633] 5/2+[402] 1700 1661 1567 1600
15“ 7/2“ [514] 9/2+[624] 5/2“ [512] 9/2“ [514] 1755 1864 1722 1670
16+ 7/2“ [514] 9/2+[624] 7/2+[633] 9/2“ [514] 1876 1829 1751 1711
“ Calculated using the method of Jain et al. [47]. No residual interaction is in­
cluded.  ^ Residual interaction is included [31].  ^Calculated using the method of 
Xu et al. [48].
5,2.5 S ta te  at 1403 keV
No rotational structure based on this state has been observed. The BBCS calcu­
lations suggest two possible configurations close to this excitation energy, namely 
a K ^= ll+  state at 1334 keV with configuration, i/7/2"  [514]9/2+ [624] 1/2“ [521]® 
7t5/2+[402] and a second configuration with K ^ = ll“ , i/7/2“ [514]® 7t5/2+[402]9/2” 
[514] 1/2“ [541] at 1431 keV. This state is assigned a K ^= ll+  configuration on the 
basis of the intensity flow through this level. Balancing intensities for this level 
suggests strongly an assignment of an E2 multipolarity for the 163.1 keV transi­
tion.
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Figure 5.7: \gK-9R\/Qo values in (eb)“  ^ for K=15~ and K=16+ bands in ^®°Re. 
The red lines are the upper and lower limits of \gK~gR\/Qo calculated using equa­
tion 2.29.
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5.2.6 S ta te  at 1670 keV
The BBCS calculations predict two possible configurations for this state. The 
first is at an energy of 1501 keV, K^=13“ , z^7/2“ [514]9/2+[624]l/2~[521] ®7t9/2“ 
[514], while the second is predicted at an excitation energy of 1646 keV, with 
K^=12+, 2/ 9/2+[624]0 7t5/2+[402]9/2-[514] 1/2“ [541] configuration. The ex­
perimental data favour the K^=13“ for this state.
5.3 Six-quasiparticle States
5.3.1 B an d  9, K'^=21
There are three possible configurations, with the required spin and parity, which 
could be assigned to the 3471.3 keV state, these are: 
p 9/2+[624]®7r5/2+[402] 9/2-[514]7/2+[404]1/2“ [541]11/2“ [505], K’^ =21“ , or 
p 7 /2“ [514]9/2+[624] 5/2-[512]®7r5/2+[402]9/2-[514]7/2+[404], K’"=21“ , or 
p 9/2+[624],l/2-[521] 7/2+[633](2>7r5/2+[402]9/2“ [514] 11/2“ [505], K^=21-.
The second of these was chosen to be the configuration of band 9, based on 
energetics. From the alignment plot in figure 5.1, the alignment of band 9 is 
«  4/i at w 0.1 M eV  suggesting the presence of the quasineutron in the 
configuration. The measured branching ratios for band 9 yielded a g-factor ratio 
of 0.046(10)(eb)“  ^ compared to theoretical g-factor ratio of 0.036(7)(eb)“ ,^ (see 
figure 5.8 and table 5.7 for details).
5.3.2 B an d  10, K ’^ =(22+)
The transitions of the proposed 3895.3 keV band are apparent in the spectrum 
shown in figure 4.15. The conversion coefficient of the 424 keV depopulating 
transition could not be deduced, and so the spin and parity assignments for this 
band are not certain. Considering the population of the band and the link­
ing transition to the 21“ level in the K^=21~ band, a K^=22+ assignment
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Table 5.6: Configurations of 6-quasiparticle bands
rtt Configuration* Energy (keV)
z/ 7T Expt. Calc.P 'Calc.I^ Calc.IP
21- 9/2+ 5/2+ 9 /2- 7/2+ 1/2- 11/2- 3471 4311 3870
7/2- 9/2+ 5/2- 5/2+ 9 /2- 7/2+ 4187 3849 3351
9/2+ 1/2- 7/2+ 5/2+ 9 /2- 11/2- 4384 4562 4630
22+ 7/2- 9/2+ 7/2+ 5/2+ 9 /2- 7/2+ 3895 4152 3890 3740
"Configurations:newiron5(i/):9/2+[624];7/2-[514];5/2-[512];l/2-[52l];7/2+[633], 
protons{7T): 5/2+ [402];9/2-[514];7/2+[404];l/2-[541];ll/2-[505].
® Calculated using the method of Jain et al. [47]. No residual interaction is in­
cluded.  ^ Residual interaction is included [31]. Calculated using the method of 
Xu et al. [48].
0.06
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Figure 5.8: \gK-9R\/Qo values in (eb)  ^ for the K=21 band in ^®°Re. The red 
lines are the upper and lower limits of \gK~9R\/Qo calculated using equation 2.29.
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for the 3895.3 keV state seems reasonable. The BBCS calculations revealed 
one state at 22+ which is assigned to be the configuration of this band. It is 
i^7/2-[514l9/2+[624]5/2-[512](8)7r5/2+[402]9/2-[514l7/2+ [404]. Examination of 
the branching ratio yielded a g-factor ratio of 0.022(3) (eb)“ ,^ in good agreement 
with the theoretical value (see figure 5.9 and table 5.7). The alignment of the 
band (see figure 5.1), suggests the presence of two quasineutrons in the con­
figuration.
0.05
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0.03
0.02
0.01
0.00
OK=22*(Exp) 
-  K=22*(Theo)
22 23 24 25 26
Spin[hbar]
27 28 29
Figure 5.9: \gK~9R\/Qo values for the K=22+ band in ^®^ Re. The red lines are 
the upper and lower limits of \9k -9r \ /Q o calculated using equation 2.29.
Other states in the vicinity of the 6-quasiparticle isomer were found, but 
assigning configurations to them is problematic. This is mainly due to the com­
plexity of orbitals in that region, the closeness of energy levels to each other in 
that region, and the lack of associated rotational bands. These states were tenta­
tively assigned spin and parity, except for the 3068.8 keV and 3051.4 keV levels 
where the multipolarity of some transitions depopulating them were found. The 
3068.6 keV state was assigned 17+ state based on 1192.9 keV transition to 16+
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Table 5.7: Experimental and calculated \gK-9R\/Qo values for configurations of 
4-and 6-quasiparticle bands in ^^°Re.
K^ r Main configuration” ISfc-Snl/Qo
Expt. Calc.*
K=14- 1/7/2-,9/2+,7/2+® %5/2+ 0.037(7) 0.021(9)
K=15- 1/7/2-,9/2+,5/2+®7t9/2+ 0.026(5) 0.027(9)
K=16+ 1/7/2- ,9/2+,7/2+®7t9/2+ 0.025(3) 0.029(9)
K=21- i/7/2-,9/2+,5/2-®7t5/2+,9/2-, 7/2+ 0.046(10) 0.036(7)
K=22+ 1/7/2-,9/2+,7/2+®7t5/2+,9/2-,7/2+ 0.022(3) 0.032(9)
° C o n f i g u r a t i o n s ( z / )  :7/2 [514] ;9/2+ [624] ;5/2 [512] ;7/2+ [633] ^ protons (tt) : 
5/2+ [402];9/2-[514];7/2+[404].
 ^ Calculated values using the Nilsson model with parameters as described in the 
text.
state in band 8, with its M l nature (see previous chapter). The second state 
at 3051.4 keV was assigned a 18+ due to the 1175.8 keV being a quadrupole 
transition to band 8.
Chapter 6
D iscussion
In this chapter, model predictions for excitation energies, spin/parity, the assign­
ment of quasiparticle configurations, and rotational alignment are compared with 
experimental results with the aim of producing a consistent structural description 
for ^®°Re. Also, K-forbiddenness is discussed and an analysis of its mechanism 
in the case of ®^®Re is studied. Part of the analysis of configurations is based on 
ref. [46] and some of the calculations made there.
6.1 M ulti-quasiparticle Calculations
The proposed quasiparticle configurations for the bands in ^®^ Re have been calcu­
lated using two separate methods. The first method, discussed in this section, is 
that of Jain et al. which is the BCS +  blocking calculations for deformed nuclei. 
In this method, both the proton and neutron average fields are treated separately 
to create their energy levels, and then both systems are combined to generate the 
multi-quasiparticle states for the whole nucleus. These multi-quasiparticle state 
energies are then compared with experimental data. The single particle ener­
gies and monopole pairing strength used in the BBCS calculations were deduced 
in a self-consistent manner. For neutrons, the 1-quasiparticle intrinsic state en­
ergies in neighbouring odd-mass nuclei were used (^^^Os, ^®^0s,
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while the 1-quasiparticle intrinsic state energies from ^^^Re were used for pro­
tons. The exact BBCS equations were solved with a fixed monopole pairing-force 
of Gi, =  ^  =  0.119Mey, and ^  =  0.125Mey. In order to reproduce the 
average particle number, adjustment of the Fermi level is required for each con­
figuration. The energies were averaged for both particles and the 2-quasiparticles 
were produced using the deformation parameters, eg =  0.232 and 64 =  0.047 [53]. 
The energies of higher seniority states were calculated with the Nilsson model 
with blocking.
Excitation energies for multi-quasiparticle states in ^®°Re are shown in figure
6 .1  and a comparison plot between experimental and theoretical band head en­
ergies for some bands are shown in figure 6 .2 . Good agreement is found between 
theoretical and experimental energies as seen in figure 6 .2 , with the exception 
of the K=21~ state. The energy calculated for this level (residual interaction 
included) is somewhat higher than the experimental energy by 378 keV. A clear 
answer for this discrepancy is not found yet. This is also the case with the other 
three bands that were excluded from the plot, band 1 (K=5“), band 2 (K=4+), 
and band 3 (K=7+).
The residual interaction included later in the theoretical calculations for band 
head energies, by definition, is considered to be the force that exists between nu­
cleons not accounted for in the mean field calculations and that determines the 
lowest states of excitation. In the BBCS theory, residual interactions between nu­
cleons arising from the intrinsic spin of the particles are not usually contained in 
the calculations. To correct for this force, the Gallagher and Moszkowski (GM) 
[54] rule is usually employed where nucleons of the same kind are favoured if 
they couple with their intrinsic spins being anti-parallel and nucleons of differ­
ent kinds are favoured if their spins are parallel. In general each neutron-proton 
pair gives rise to a pair of bands with band quantum numbers K± = | Op ±  |
with the triplet (S=l) state (parallel and Ep) being lower in the energy or­
dering according to the GM rule, and their singlet (S=0) state (anti-parallel
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and Sp) being higher in energy. As a demonstration of the GM rule, the K = 9 " 
configuration can be used as an example. The configuration of this state is, 
z/9/2+[634] t  0 7 r9 / 2 ~[5 1 4 ] This is considered to be the spin triplet state where 
the total spin projection is K=| 9/2 +  9/2 |=  9“ and the K=0 coupling of the 
same particles gives the spin singlet state. The residual interactions depend on 
the number of quasiparticles involved in the configuration and their alignment 
with respect to each other. If more like particles are aligned than unlike parti­
cles then the shift of the energy is positive. However, if more unlike particles 
are aligned than like ones then the shift is negative and the residual interaction 
contributes towards increasing the excitation energy of the states.
6.2 Potential Energy Surface Calculations
The potential energy surface (PES) calculations using the configuration con­
strained method [48] have been used as a second approach for calculating the 
multi-quasiparticle state configurations and energies, including shape degrees of 
freedom. In this calculation, the Woods-Saxon potential and Lipkin-Nogami pair­
ing were used. For each quasiparticle configuration, the occupied orbitals were 
fixed (diabatic blocking) and the quadrupole and hexadecapole deformations,
/34, and 7  varied in order to minimize the excitation energy. The monopole pairing 
strength was determined by the average gap method [55]. Analysis of the results 
for the low-lying high-K states confirmed that these states have a well-deformed 
prolate shape and the calculated excitation energies agreed very well with ex­
perimental results, as well as with the BBCS calculations. Table 6.1, shows the 
results of the calculations in more detail, giving the calculated band head energies 
and the experimental energies for comparison. It also lists the shape parameters 
calculated for each band head. Figure 6.3, shows the energy surface calculations 
for band 11 (K=9“ ) and band 3 (K=7+) at /iw=0. While figure 6.4 shows band 
6 (K=14“) and band 10 (K—22+) at the same frequency. Both plots predict an
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Figure 6.1: Calculated multi-quasiparticle states for ^®°Re using the BBCS cal­
culations. Residual interactions were not included in the calculations.
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Figure 6.2: Experimental and calculated BBCS band head energies for selected 
bands in ^®°Re. Residual interactions are accounted for in the theoretical values. 
The bands were normalized with respect to band 2, K=4+.
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Table 6.1: calculated properties of ^^^Re band heads.
Energy (keV) Deformations"
Expt. Calc.P Calc.P Calc.P A A It I
9- 284 190 383 311 0.224 -0.33 0.2
8+ 205 80 167 217 0.240 -0.034 0.6
5“ 178 268 468 503 0.246 -0.031 0.0
4+ 0 60 253 0 0.215 -0.030 0.0
7+ 70.8 215 0 0 0.224 -0.044 0.2
1 3 + 1566 1560 1697 1548 0.242 -0.040 0.2
14“ 1700 1600 1661 1567 0.229 -0.043 0.0
15“ 1755 1670 1864 1722 0.239 -0.030 0.2
16+ 1876 1670 1864 1722 0.224 -0.033 0.3
21“ 3471 3351 4187 3849 0.247 -0.025 0.1
22+ 3895 3740 4152 3890 0.267 -0.027 0.2
“ Calculated using the method of Xu et al. [48].  ^ Calculated using the method 
of Jain et al. [47]. No residual interactions are included.  ^Residual interactions 
are included [31].
axially symmetric, prolate shape of the nucleus at zero rotational frequency.
6.3 Band Crossing
It was established in chapter 4, that there is an exchange of ^ -transitions between 
band 2 and band 3, and hence an interaction between them. Figure 6.5 exposes 
this interaction or crossing between the 2 bands in a plot of excitation energy 
against spin for the low seniority 2-quasiparticle bands. The degree of interac­
tion, denoted V, is usually evaluated using the two band mixing approach. This
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Figure 6.3: Potential Energy Surface calculations for band 11, K—9~ (top), and 
band 3, K=7"^ (bottom) at &u=0.
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Figure 6.4: Potential Energy Surface calculations for band 6, K—14~ (top), and 
band 10, K=22+ (bottom) at fuo~0.
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approach malces use of the experimental in-band/out-of band ratio of the B(E2) 
reduced transition probabilities from the excited bands. The intrinsic (unmixed) 
transition matrix elements are taken from the rotational model. In this kind of 
framework, the following approach [56, 21] is usually utilized:
With two band mixing, the mixed state, -0 of a given angular momentum. I, can
be expressed in terms of the pure states, 0:
=  a(f)a +  (6 .1 )
0+ =  -/00a +  CK06, (6.2)
with the normalization: =  1. The subscripts -, a and +, b refer to
the lower and upper states, respectively. The smaller amplitude 13 is given by:
1 (6.3)
where,
R = ^ .  (6.4)
E„ here is the unperturbed energy spacing. The rotational model expression 
for the reduced E2 transition probability from spin Ii to spin I2:
B{E2)  =  I {IxK20 | h K )  p. (6.5)
becomes,
B(E2)i„ =  j ^ e ^ Q l { a { I x M h ) C n a  +  P { h ) m ) C i K a Y ,  (6.6) 
for transitions from ■^+(/i) to i/’+Cfi), and
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for transitions from 0+(Ii)to where Cj/f =  (/i K20| I2 K) is the Clebsch-
Gordon coefficient. It is assumed that the intrinsic quadrupole moment, Qo, is 
the same for each of the configurations.
Using the equations above and the experimental 7 -ray branching ratios in 
the band crossing region it is possible to obtain values for the mixing matrix 
element V. The crossing of band 2 and band 3 is shown in figure 6.6 (top), where 
both perturbed and unperturbed energy levels are shown for both bands. By 
unperturbed, we mean energy levels where the effect of the interaction has been 
removed. V was calculated for three cases involving K. The first interaction was 
calculated with K=7 for both bands. Prom table 6.2, it is clear that the value of 
the mixing strength is not sensitive to the change of K. This fact is highlighted in 
figure 6.6 (bottom) where both unperturbed energy levels are plotted for values 
of K=7 for both bands and K—7 for band 3 and 4 for band 2. The two curves 
obtained are almost superposable. The third case, however, where the K values 
of the band heads are different give somewhat different results. The value of V 
for different K-values varies between 6.9 keV as a lower limit and 7.7 keV as an 
upper limit, taking an average value for V gives 7.3±0.4 keV which is close in 
energy to the maximum V value obtained from the experimental separation of 
1=11 levels of 9.6 keV. Table 6.2 also demonstrates some weak dependence of V 
with spin.
An empirically determined relationship between V and spin where
VsD =  A[I(I  +  1) -  K i J ,  (6.8)
was used in [57, 58], and a simplified version of the same equation without the 
K dependence has also been used in [58]. Using the above equation without the 
K-dependence, gives a value for A of 0.05 keV. Figure 6.7 is a plot of the energy 
difi^erence AE(I—>I-1)/2I versus angular momentum. A constant interaction ma­
trix element V=8 keV produces a smooth alignment for the unperturbed bands 
independent of any assumed K value.
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Table 6.2: Mixing matrix elements between band 2 and band 3 in ^^°Re.
TTTHnitial E.y(keV) I7 W(keV) y('(keV) W:(keV)
13 416.4 54(11) - - -
435.6 102(23)
13 508.3 8(2) 7.233 7.233 7.708±0.045
489.2 55(10)
12 410.6 45(20) 6.589 6.589 7.338=b0.123
382.4 174(36)
1 1 383.7 86(15) 9.075 9.075 6.913±0.139
333.3 65(15)
1 1 352.5 11(3) 4.903 4.903 7.595±0.123
403.4 38(7)
® Calculated for K=7 for both band 2a2b and band 3.
 ^ Calculated for K=4 for band 3 and K=4 for band 2a2b. 
 ^Calculated for K=7 for band 3 and K=4 for band 2a2b.
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Figure 6.5: Band-crossing diagram of the 2-quasiparticle bands in ^®°Re. An 
arbitrary rigid-rotor reference is subtracted from the excitation energies.
Band 6 and band 7 also seem to be mixed, indicated by the presence of the
319.1 keV between 1=19“ (band 6) and 1=18“ (band 7). Due to the weak intensity 
of band 7 and somewhat band 6, it was difficult to observe the E2 transitions 
between the two bands, also to extend the bands to higher spins. Figure 6.8, 
shows the band-crossing diagram of the 4- and 6-quasiparticle bands in ^^ ®Re.
A plot of the energy difference [AE(I—>1-1)] divided by 21, versus angular 
momentum for band 6 and 7 shown in figure 6.9 was made in order to try to 
demonstrate the band mixing between the two bands. Figure 6.9, shows a kink 
at spin 1=19, consistent with a band-crossing interpretation. Going up in spin 
1=15,16,17, and 1=18, the levels in the two bands get gradually closer together. 
The energy difference between levels are 174.3, 115.7, 64.2 and 27.1 keV respec­
tively, which makes the possibility of a band-crossing greater. The 1=19 -4 18 
transition in band 6 is evidently compressed by the unobserved 1=19 and the 
observed 1=18 levels in band 7, hence the low value at 1=19 in the plot. Corre­
spondingly, the 1=18 and 1=20 states for band 6 are ‘pushed up’. An estimation
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Figure 6.6: A plot of the crossing between band 2 and band 3 showing the unper­
turbed energy levels before the crossing and the perturbed levels after crossing 
(top). The bottom plot shows the band crossing for the unperturbed bands for 
when K is different and when K is the same (termed constant K in plot) for both 
bands.
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Figure 6.7: A plot of AE /2I versus 1(1+1).
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Figure 6.8: Band-crossing diagram of the 4-, 6-quasiparticle bands in ^®°Re. An 
arbitrary rigid-rotor reference is subtracted from the excitation energies.
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for the unperturbed levels could be done on this basis, however, the lack of an 
E2 transitions between bands make this task somewhat arduous.
The kink at 1=15 in band 6 could be explained by the interaction between 
band 6 with 7. Band 7 has no 1=14 member, and its interaction with band 6 
‘pushes up’ the 1=15, 1=16 etc. members of band 6 until the band crossing, 
however not the 1=14 band head.
10 Band 6 — i—  Band 7 x—
9
8
7
6
5200 250 300 350 400 450 500 550 600
1( 1+ 1 )
Figure 6.9: A plot of AE /2I versus 1(1+1) for both bands 6 and 7.
6.4 Pairing and Quenched M om ents o f Inertia
Migdal in [59] suggested calculating the reduction of the moment of inertia from 
the rigid body value using the following formula.
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where,
and,
ln{x +  V Ï +  X^)
xy/l  + (6 .10)
X = 8 UUq2A (6 .11)
where A is the pairing gap parameter, <5 is the deformation. is the classical 
rigid moment of inertia for a prolate spheroid given by:
^rio — —^ ^ o ( l  + A  + 9 A ) (6.12)5 V IbTT  ^ ’ V 167t'
(for definition of R and ^2  see chapter 2). The harmonic oscillator frequencies 
huj, are given by the following expressions for neutrons and protons respectively 
[60],
and
hoj =  41 A "-
fko = 41A"
1 + 1 { N - Z )A
■ 1 { N - Z )
Me V
MeV.
(6.13)
(6.14)
^®^ Re has =  86MeV~^h , 6 =  0.232 and &j=7.66 M eV  for neutrons and 
6.88 M eV  for protons respectively. Both calculated and experimental moments 
of inertia are listed in table 6.3 with their respective band energies and K values. 
Comparisons between the experimental moment of inertia and the the moment 
of inertia using the Migdal treatment of the BCS calculations shows a systematic 
increase of the experimental moment of inertia for the 2-quasiparticle bands over 
the BBCS estimates. For the 4^quasiparticle states, where the moment of inertia 
should increase with increasing seniority, a large fiuctuation takes place. This 
fluctuation might be due to the different alignments of bands. Dracoulis et al. in 
[61] discussed the configuration dependent-pairing and the role certain orbitals 
play in contributing to the alignment along the rotational axis and hence the
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increase in the experimental moment of inertia. For the 6 -quasiparticle states, 
there is a slight discrepancy between the experimental and calculated values for 
the moment of inertia at K=21~. However, at K=22+, which is the highest
6-quasiparticle band observed in this nucleus, an agreement between the experi­
mental and calculated values for the moment of inertia was found.
Table 6.3: Pairing and moment of inertia
E(keV) BBCS Moment of inertia(M ey
A,, (keV) A^keV) BBCS Exp.
9- 284.4 807 902 39.48 50.06
8+ 205.3 692 841 42.88 61.9
7+ 70.8 807 841 33.71 52.94
4+ 0.0 692 891 36.15 59.36
5“ 177.8 807 890 34.86 55.25
13+ 1566.3 0 841 62.86 49.65
14“ 1700.4 0 841 62.86 63.8
15“ 1755.2 0 902 68.64 54.9
16+ 1875.7 0 902 68.64 64.6
21“ 3471.3 807 0 65.58 60.65
22+ 3895.3 0 704 65.58 65.5
Figure 6.10 shows plots of I^, the total aligned angular momentum, versus 
frequency for the 2-,4-, and 6-quasiparticle bands. The experimental Ix, the 
projection of the angular momentum on the rotational axis, was calculated us­
ing the method of Bengtsson and Frauendorf [62]. Figures 6.11 and 6.12 show 
the calculated and experimental kinematic moments of inertia for two of the 2- 
quasiparticle bands, as a function of rotational frequency. The moment of inertia 
is obtained by where, Ix is the projection of the total angular mo-
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Figure 6.10: Plot of Ix, the total aligned angular momentum, in units of hbar as 
a function of rotational frequency for the 2- (top),4- and 6-quasiparticle bands in 
:80Re.
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mentum on the rotational axis and w is the rotational frequency calculated as 
follows: fiuj = ■ Figure 6.11 highlights the alignments of neutrons at
huj Rj 0.2MeV, and exposes the sole attribution of the neutrons to the backbend­
ing. The theoretical predictions agree well in this case with the experimental 
data. Figure 6.12 also shows that the alignment exhibited in this band is due to 
the breaking of a pair of neutrons at rotational frequency of 0.3 M eV  and 
agrees with the theoretical value obtained for the kinematic moment of inertia.
100
%
3
0.0 0.1 0.2 0.3 0.4 0.5
&C0 (MeV)
Figure 6.11: Calculated and experimental kinematic moments of inertia as 
a function of rotational frequency [63]. Boxes are protons, crosses are neutrons, 
circles are both protons and neutrons combined, black triangles represent the 
experimental data for band 4, K =8^.
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Figure 6.12: Calculated and experimental kinematic moments of inertia as 
a function of rotational frequency [63]. Boxes are protons, crosses are neutrons, 
circles are both protons and neutrons combined, black triangles represent the 
experimental data for band 11, K =9“ .
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6.5 Signature Splitting
Signature in this context is discussed in regard to bands 1 and 2 which both 
show signature splitting when alignment is plotted against spin. Signature ‘a ’ 
is defined as I=amod2 [23], is introduced to the wavefunction of the nucleus to 
account for the effect of the Coriolis and centrifugal forces that influence certain 
orbitals in the nucleus. Bohr and Mottelson in [64], introduced the notation:
r =  (-1)^ (6.15)
to account for signature in the nucleus. Here I is the total angular momentum 
of the nucleus. The relationship between r and ‘a ’, the notation adopted here to 
define signature is:
r =  exp{~i7ra), (6.16)
For a system with even number of nucleons we have
r =  1(q! =  0 ) , / =  0,2,4,..., (6.17)
r  =  —l(a  =  1), J  =  1,3,5,..., (6.18)
while for systems with odd particle number we have
r  =  “ -i, (a  =  (6.19)
r  = -hi,  ( q; =  y , . . . ,  (6 .2 0)
which all can be designated under I=amod2. In the ^®^ Re case, an expression 
taken from [65] is used to account for the favoured component of rotational bands 
with signature splitting. Signature splitting happens as a result of the mixing 
of orbitals with 0= 1 /2  due to the Coriolis interaction. The expression for a 
favoured signature splitting is.
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a f = l/2[(-lX "-^/^ +  (6.21)
It is found to be 1 for band 1 in favouring the odd spin sequence to
lie lower in energy. Figure 6.13 shows this experimental signature splitting when 
plotting E(I)-[E(I+l)+E(I-l)]/2 against spin. The plot shows the splitting is 
large, though less at the band-head. While in figure 6.14 the signature splitting 
seems to be smaller relative to band 1. However, it gets larger at higher spins.
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Figure 6.13: A plot of E(I)-[E(I-t-l)-fE(I-l)]/2 against spin for band 1 in ^®°Re.
6.6 A lignm ents o f Bands in and
In ref. [46], four of the 2-quasiparticle bands in ®^®Re were studied and irrefutably 
established to replace mis-interpretations attributed to the 2-quasiparticle bands 
by [11, 7]. Both of the latter papers managed to present tentative and most 
often, conflicting results regarding spin/parity and configuration assignments of
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Figure 6.14: A plot of E(I)-[E(I+l)+E(I-l)]/2 against spin.
the bands. These conflicting results did not only concern the 2-quasiparticle 
bands, but also the 4-quasiparticle bands identified in both experiments. The 
construction of the level scheme for studying high spin states in the present 
work, was based on the findings of ref. [46]. The =  8"^  band and =  9“ 
band were the main two bands that formed the foundation of the higher spin 
states found in ^®°Re. Jain et al.[46] debated the configuration for both bands 
using more than one line of argument which we are supported fully in the current 
work for the and =  9" bands. In addition, plots of alignments (see
figure 6.15) for the concerned bands in ^®°Re and bands in ^^ ®Ta [66] with the 
same 2-quasiparticle configurations show consistency of behaviour and confirm 
that the band configuration in these two nuclei is the same. Figure 6.16 shows 
other band alignments in ^®°Re and [66]. Band 4, however, in ^^ ®Ta
favours the positive signature sequence (i.e. the one with greater alignment) and 
in the ^^°Re case, the negative signature is the favoured sequence. This diflFerence 
is not yet understood.
To confirm the configuration of band 3 having K=7'^, its alignment is plotted
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against the alignment of the K=7+ band in ^®^ Re [67] and the behaviour of both 
bands is found to be the same (see figure 6.17). In ref.[46], this band in ^®°Re 
was assigned a K=4+ configuration, and band 2, a K=3+ configuration. Their 
calculations for this band are based on ref. [11] experimental data which for this 
band difiers from ours. In ref.[11], the band showed signature splitting favouring 
even spins. The current data reveals first a band-crossing with band 2 (see earlier 
discussion), and also a case of signature inversion, a phenomenon that has been 
discovered recently in the Trhe ® i/iis bands of the rare earth region [68], which 
means in this case that the odd spin is lower in energy than expected until around 
1=21/1 (see figure 6.14), where the even spins become favoured after that.
^^ ®Ta has also 4-quasiparticle states assigned K=15“ and K=16+. Alignment 
plots show agreement of relative behaviour for both bands in both nuclei (see 
figure 6.18). ^^ ®Ta also has a K=21~ state with the same proposed configuration 
as the K=21“ state in ^^°Re. However, the complete band in "^^ T^a did not 
emerge and confirmation of the configuration with alignment plots for bands in 
both nuclei could not be established. The K=22+ band in ^^ ®Ta was observed 
and its alignment confirms that configurations for both bands in these nuclei are 
similar (see figure 6.19).
It is worth noting from the alignment systematics for ^^ ®Ta and ^®^ Re, the 
alignment for ^^ ®Ta is systematically lower than the alignment for ^^°Re when 
bands of similar configurations are compared. The reason for this is not clear, 
however, it may arise due to choice of the Harris reference subtracted from both 
nuclei, or simply be a related deformation effect.
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Figure 6.15: Alignments plots for band 4 (K=8+) in ^®^ Re, band K^=8+ in ^^^Ta, 
band 11 (K=9“) in ^®^ Re and band K^=9" in ^^ ®Ta. The reference parameters 
used for^^ORe are %  =  3A.8MeV~'^h^ and =  91.1M ey-% ^ While the refer­
ence parameters used for ^^^Ta are, =  34:MeV~^h^ and =  7 hMeV~^%^.
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Figure 6.16: Alignment plots for Band 1 (K=5~) in ^^°Re, band 4 in ^^^Ta, band 
2 (K=4'^) in ^®°Re and band K^=4"^ in ^^^Ta. The reference parameters used 
for ^®^ Re are =  34.8MeV~^h^ and =  91.1MeV~^h^. While the reference 
parameters used for ^^ ®Ta are, %  =  34MeV~^h^ and =  7bMeV~^h^.
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Figure 6.17: Alignments plots for Band 3 (K=7+) in ^^°Re and K^=7'^ in 
^®^ Re. The reference parameters used for ^^^Re are and
=  ^l.lM eV~^h}. While the reference parameters used for ^^^Re are, 
^ 0  =  2^MeV~^h^ and =  6 0 M ey -% \
CHAPTERS. DISCUSSION 132
12,0
10.0
8.0
4.0
2.0
0.0 100 200 300 400 500
Figure 6.18: Alignments plots for Band 7 (K=15“ ) and Band 8 (K=16^) in 
^®°Re with reference parameters Sq =  34.8MeV~^h^ and 
and K^=15“ and K^=16""" in ^^^Ta. The reference parameters used for ^^ ®Ta are, 
^ 0  =  34Mey-i%^ and =  7 5 M ey -% \
CHAPTER 6. DISCUSSION 133
12.0
10.0
8.0
4.0
2.0
0.0 100 400200 300 500
Figure 6.19: Alignments plots for Band 10 (K=22+) in ®^®Re with reference 
parameters =  34.8Mey~^^^ and =  91.1MeV~^h^, and K^=22+ in 
^^ ®Ta. The reference parameters used for ^^^Ta are, =  34:MeV~^h^ and 
S i =  7SM eV-^h \
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6.7 K“Forbidden Transitions
K, the projection of the total angular momentum onto the symmetry axis, ap­
proximately a good quantum number for deformed axially symmetric nuclei, de­
fines the K-selection rule for electromagnetic transitions, A K  < A. A K  is the 
difference in K-quantum number of states where it is conventional to identify a 
particular intrinsic state with the K quantum number, and A is the multipole 
order of the transition. For transitions to proceed, the K-selection rule should 
be obeyed. However, this is not usually the case and in the axially deformed 
region, transitions which are K-forbidden in theory tend to occur with hindered 
decay rates. A measure of K-forbidden transition probabilities can be expressed 
by a hindrance factor. This hindrance factor, is defined as the ratio between 
the experimental partial 7 -ray half-life to the theoretical Weisskopf single-particle 
half-life [69], n^  (6 .2 2 )
The related reduced hindrance factor is defined as,
A  =  M , (6.23)
where, 1/ =  A K  — A. In ref. [1 2 ], A  was found to be % 100 for a range of 1/  and 
A. This means that for each additional unit of AFC, transitions are hindered by 
an additional factor of about 100. This however is not always the case since a 
number of transitions with A  < 1 0 0  have been observed in the 180 mass region. 
In refs [13, 14, 15, 16, 17, 18, 19] values of A  < 5 have been also observed. For 
E l transitions, Fy, is divided by 10  ^ to account for their generally strong hin­
drance compared with the Weisskopf estimate [70, 71].
Table 6.4 lists the transition energies for the 4-, and 6-quasiparticle isomers in 
*^'^ Re that decay by K-forbidden transitions, also their degree of K-forbiddenness, 
mainly the two isomeric levels at K=13+ and K=21“ . The K=13+ isomer has 
7 branches coming out of it, six of which are ‘forbidden’ and one allowed (163.1
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keV), while the K=21“ isomeric state decays via three identified branches one of 
which is identified as a forbidden transition. The reduced hindrance of the tran­
sitions seems to vary between % 16 and Pd 6 8 . In general, the reduced hindrance 
factor fluctuates between a range of values in accordance with K. As a rule of 
thumb, if K is good, A  is greater than or equal to 20, while if K is not a good 
quantum number, A  is less than or equal to 20. If A  has an intermediate value 
then most of the intensity will go through the small change of AK. An example 
of this is the decay of ^^^Hf in [15] which decays via a large change in K, but only 
a small proportion decays that way.
There is more than one mechanism to explain the variation of nominally K- 
forbidden decay half-lives from one nucleus to another in the mass 180 region. 
These mechanisms arise due to the K-mixing processes that might take place 
between bands in nuclei. Three of the mechanisms have been used to explain 
isomer half-lives. They are: Coriolis mixing, 7 -deformation tunneling, and level 
density effects [72, 73]. Coriolis mixing has been explored in nuclei like [17], 
and ^^^Hf [15]. This phenomenon usually originates when an interaction between 
high K and low K bands takes place and K can take any value here between the 
two axes of the nucleus, the symmetry axis (K is maximum) and the rotational 
axis (K is minimum). In most cases the angular momentum is found to be along 
an intermediate axis, tilted axis, where the particle can be Fermi aligned [26] and 
neither K nor A are good quantum numbers. The second mechanism of K-mixing 
is the 7 -deformation tunneling where in this case the isomer tunnels through to 
a lower state since the projection on the symmetry axis is not conserved. This 
argument was applied in nuclei like ^®^ 0s [13, 74, 75], and [19]. Nuclei with 
triaxiality usually decay through 7  tunneling. The third mechanism is the density 
of states. Energy levels that are within close vicinity of each other are more likely 
to mix than more spaced out levels. Mixing usually in this case takes place at 
high energies since levels there are close by and might suffer greater mixing than 
lower energy levels.
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Table 6.4: K-forbidden transitions rates in ^®°Re
rtt E.y(keV) Mult. T7i2 1/ A
21- 457.2 El 14.25x10-® 2.18x10-^® 4 28
13+ 141.4 Ml 0.47x10-® 7.86x10-^^ 4 15.63
416.6 Ml 0.26x10-® 0.31x10-12 4 29.66
678.1 E2 0.31x10-® 0.06x10-9 3 17.79
262.4 El 1.38x10-® 11.48x10-1® 3 23.41
523.5 El 0.87 xlO-® 1.45x10-1® 3 39.00
761.0 El 1.38 xlO-® 0.48x10-1® 3 67.9
“The general 10  ^ hindrance of E l transitions is not taken into account in T ^ i ,  
but it is in f^.
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Figure 6.20: Excitation energy plotted against 1(1+1) for the yrast line and in­
trinsic states in ^*°Re.
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In figure 6.20, the yrast line is compared with excitation energies of intrinsic 
states. Intrinsic states which lie well above the yrast line are expected to have 
more K-admixtures than the near yrast states and hence lower fj  ^ values, and 
consequently, less admixed states lying close to the yrast line should decay via a 
minimum change in K and subsequently have larger values. The two situations 
are not well separated here in the case of i®®Re. The =  13+ isomer which 
is relatively far from yrast, decays with small /„ values for some of its decay 
branches, with a minimum change in AK, and in some cases varies between 15 
to 29. The K^ =  2 1 “ isomer which is closer to the yrast line decays via a transition 
with a larger fv. As a way of comparison, looking at the 6-quasiparticle isomers 
in neighbouring odd-odd nuclei like ^^ ®Ta and ^^ ®Ta, it is found for instance 
that the 6-quasiparticle isomer in ^^ ®Ta, K=14“ , decay via three routes, an Ml 
transition (6 .8  keV) with /y=25.5 (z/=3), and another Ml transition (11.2 keV) 
with /y=4.9 (z/=ll), and the third is an E2 transition (345.1 keV) with /^=46.8 
(z/=4). While the ^^ ®Ta 6-quasiparticle isomer, K=21“ decays via an E2 (34.2 
keV) with /y=30.4 (z/=4), and an E3 (431.1 keV) with /y=100 (z/=2 ). It is clear 
that the fu values in both nuclei are close to the A value found for the 457 keV 
transition in ®^®Re.
One of the explanations for the similarities in values for the 13+ and 2 1 -  
states is that the ®^®Re nucleus might be 7 -soft at higher frequencies which makes 
the possibility of obtaining a quantitative value of fv  difficult. Triaxiality in nuclei 
leads to a reduction in / ,^, and although the PES for ^®°Re exhibits a minima at 
prolate shapes ( 7  =  0®) (see figure 6.3), at higher frequencies {fiuj =  0.3MeF) 
the minima depart from the prolate axis and correspond to triaxial shapes (see 
figure 6 .2 1 )
The combination of prolate and 7 -softness, for the 13+ state and higher states, 
i.e. high for certain levels close to yrast, and low fv due to 7 -softness leads 
to a lack of hindrance for high-K states which in this case can only mean a 
shape change from a symmetric shape to an asymmetric one and a value for fv
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Figure 6.21: Potential Energy Surface calculations for band 4 (K=8+) for hu  =0 
and 0.1 M eV  (top) and 0.2 and 0.3 M eV  (bottom).
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< 20. Since for the K=21” it seems that its near-yrast location is more
important than any tendency towards gamma deformation.
It is notable that ®^®Re is the only odd-odd rhenium isotope known to display 
K isomerism at the 6-quasiparticle level, and the hindrance factors are substantial, 
despite it being in a region where gamma softness undermines the K quantum 
number. It seems likely that for higher quasiparticle numbers, the tendency to 
triaxiality may lead to the loss of K isomerism in this nucleus. However, there are 
no stable beam-target combinations that generate sufficient angular momentum 
to test this hypothesis. Here, and in general, the true testing of the limits of K 
isomerism awaits the development of suitable radioactive beams.
Chapter 7
Sum m ary
The research aim of this thesis was two fold, firstly to study the structure of 
^®°Re at high angular momentum, and secondly to unify the various level schemes 
established for ®^®Re and try to relate it to the ground state which is known for 
this nucleus through decay studies. The first goal was achieved and a unified 
level scheme was achieved, however, relating high spin states to the ground state 
was faced with problems. In this work, high spin states of ®^®Re have been 
populated using the fusion evaporation reaction of ’^^ ^Yb(^^B,5n) at 71 MeV, 
at the Australian National University. The detection of the 7 -rays emitted in 
the experiment was done using the CAESAR array which consists of six HPGe 
detectors and two Low Energy Photon detectors used for the detection of low 
energy photons and X-rays. A follow up experiment was done to detect conversion 
electrons. A cooled Si (Li) with one HPGe detector were used for this part of 
the experiment. The first detector was for detecting electrons emitted during 
the experiment, and the second was to measure 7 -spectra simultaneously with 
conversion electrons. The purpose of the second experiment was to determine 
spin and parity allocations for energy levels in ®^®Re.
7 -rays detected in the experiment were sorted in 2-dimensional matrices in 
singles and coincidence measurements. A 3-dimensional matrices were also sorted 
to allow for the determination of isomeric half-lives and also band-heads half-lives.
140
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The electron data was collected and sorted for two different regions of energies 
and magnetic field to focus and further focus on the transition found depopulating 
the new 13/zs isomer found at 3471 keV.
In this present work, 11 rotational bands were seen in total, two of which 
are new and based on the 13/iS isomer measured. Most of the other bands were 
extended to higher spins and well defined band-heads were assigned for all bands. 
Band 1 was linked by 132 keV transition to the effective ground state band, band 
2, and extended up to spin 23“ favouring the odd spin sequence. The effective 
ground state band was extended up to spin 25” favouring the even spin, however 
the odd spin was found to be lower in energy due to the signature inversion taking 
place at spin 21” . Band 3 was extended by one unit of spin and found to mix 
with band 2 through E2 transitions. The mixing strength between the two bands 
was calculated in the framework of the two band mixing and found to be on 
average around 8 keV. This mixing strength, although small, was found to cause 
a perturbation to the energy levels in the two bands, that when removed, resulted 
in a smooth behaviour in a plot of rotational energy against spin. Band 11, K=9” , 
has an isomeric band head with a measured mean-life of 109 ns. Bands, 1,2 and 
3 spin and parity assignments were tentatively allocated.
Bands at K=13+, K=14” , K=15” , and K=16+ were arranged in rotational 
cascades with well-established band heads. The band head of band 4, K=13+, is 
isomeric with a mean life of 107 ns. The four bands were extended in spin and 
energy. An upper limit of less than 5 ns was established for the half-lives of these 
band heads. A transition of 895.3 keV was found to link band 6 with band 11 
and another linking band 6 with band 7. Other intrinsic states at higher energies 
were found and tentatively assigned spin and parity.
The two previously unreported bands were populated up to spin 26” and 29+. 
The configuration of these two bands involve the 213/2 neutron orbitals, 9/2+[624] 
and 7/2+[633] coupled to the 5/2+[402] and 9 /2” [514] protons, respectively. Their 
increasing alignment suggested that the deformation aligned structure are trans­
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formed into Fermi aligned, and eventually into rotation aligned structure due 
to the Coriolis forces acting on the 213/2 neutrons as the rotational frequency 
increases.
All bands in ®^®Re were assigned a certain configuration and comparison of in­
trinsic state energies with BBCS calculations facilitated this process. Alignment 
plots and calculations of g-factor ratios also aided in assigning band configura­
tions. Experimental moments of inertia and moments of inertia obtained using 
BBCS calculations, yielded results which confirmed an increase of the kinematic 
moment of inertia with spin which can be understood as due to the blocking of 
orbitals and hence their zero contribution to the pairing strength.
^®9Re was found to have seven nominally K-forbidden transitions with reduced 
hindrances varying between 15 to 69. Statistical level mixing was employed to 
explain the decays of these K-forbidden transitions. A correlation between the 
reduced hindrance factors and excitation energies of high K-states relative to the 
yrast band was established and hence the theory of statistical level mixing applies 
in this case.
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